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ABSTRACT 


The oxidation of iron-chromium alloys containing 0.20, 0.88, 
1.70, 5.70, 7.55 and 18.21 wt.% Cr has been studied in carbon dioxide- 
carbon monoxide mixtures over the temperature range $00°-1100°C under 
conditions where wustite is the only stable iron oxide. The experi- 
mental results, obtained from a continuous recording of the gain in 
weight by a semi-micro, automatic recording balance, show that all of 


the alloys oxidize in CO.-CO mixtures with the same sequence of mecha- 


Pe 
nisms. The first stage of the reaction is one of linear oxidation 

where the rate controlling process is a phase-boundary reaction at the 
wistite/gas interface which is determined to be the adsorption of CO, 


below about 950°C and the dissociation of CO, into CQ and adsorbed 
oxygen atoms or ions above this temperature. The second stage of the 
reaction is one of parabolic oxidation kinetics where diffusion of the 
metal ions and electrons through the scale is the rate-determining 
step. The oxide thickness at which the kinetics transform from linear 
to parabolic is dependent upon chromium content in the wustite and 
upon temperature. 

The effect of soluble chromium in the wustite lattice is to 
cause an increase in the cation vacancy concentration which is manifested 
as an increase in the rate of parabolic oxidation of the Fe-Cr alloys 
over that of pure iron oxidized under the same conditions. The rate or 


oxidation of Fe-Cr alloys is shown also to be many times more rapid in 


CO, -CO mixtures than in oxygen. 





Lattice parameter and electricel conductivity measurements 5f 
pure and doped wustite have been performed to confirm the effect of 
soluble chromium in increasing the vacancy concentration in wustite. 
From the conductivity measurements, values of the enthalpy of move- 
ment of the electron holes and the enthalpy of formation of the ionic 
and electronic defects have been determined. It has been possible 
also to determine certain solubility limits of chromium in wistite. 

Finally, from reduction and oxidation experiments on pure and 
doped wustite over the temperature range 900°-1100°C, the chemical 
diffusion coefficients of iron in wistite have been determined from 
an integrated form of the solution of Fick's law. The chemical dif- 
fusion coefficients, the value of D obtained for the propagation of 
a concentration gradient through samples of pure wustite and chro- 
mium-doped wustite are compared with the self-diffusion coefficients 


for iron im wists te. 
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i. INTRODUCTION 


A. The Defect Structure of Oxides 


-. 


Fundamental to the understanding of the process xidateun wf 


metals 1s a complete knowledge of the oxide lsyer which furms, genersiiy 
as a protective layer, between the reacting metal and the oxidizing 
itmcsphere. it 1s clear that the rate of oxidation or a metal is de- 
pendent not only upon the effective sxidizing potentis! of the «tmos- 
phere but also, tc a ‘larger extent, upcn the defect structure of the 
“xide, Unless the oxide is vclatile, as in the case of the oxidation 

Of germanium above 575°C and molybdenum above 795°C, or unless the cxide 
layer continuously cracks or spalls off, e.g. 1n the high-temperature 
xyidaticn of Zr. and ti, the reaction between the metai and the 

xygen in the atmosphere wiil continue only if one, or both, of the 
species is able tc diffuse through this protective layer. This migra- 
lion of the metaliic cations and/cr the oxygen anicns thrcugh the ionic 
yxade layer can vecur only if deviaticns from the perfect lattice exisi 
Wasmuch as the egnilibrium concentration of defects ins s-lid at iny 
temperature T is determined ty the minimum value 7! the Helmholtz free 
miergy gt this temperature, first faeaeey and shortly thereafter 
ochottky and Wagner,“ showed that lattice imperfections could be thermo- 
dynamically stable in sclids at temperatures abcve the sbsolute zero. 

in a discussion of the crystalline point defects which can exist in 
aldes, 1t 1g convenient to divide them into two groups: (1) «tr-mic 


defects which inciude vazant lattice sites, interstitials, ind 1 *retgn 





atoms, and (2) eiectronic defects, the excess conductizn electrons 
and/or holes which are responsible for the electrical conduction fn 
semiconductors. Because of the importance of the effect of foreign 
atoms upon such processes as the oxidation rate, diffusion, ond elec- 
trical conductivity in the semi-conducting oxides, this effect will be 
discussed separately. Other lattice defects such as phoncens, excitons, 
and disiccations will be considered as secondary in this study and 


Will not be considered further. 


ls Atomic Detects--For a sicichiomelric cxide 4 sample rele- 
tionship must exist between the ccncentraticn cf metal cations and the 
oxygen ions in the crystal. For this reason any defects which occur 
must occur in pairs such that the remaining metal/oxygen ratio remains 
fixed. The five basic types of defects in stoichiometric crystals are: 

(a) Sehottky-type defects which consist of concentrations of 


vaeant sites on the M sublattice (=V,.) and on the X sub- 


w 
lattice (=v), or Example: NaCl 
(b) equal concentrations of M and X interstitials (=M, , K.) 


Exemple: Car, 
(c) Frenkel-type defects on the M sublattice which consists of 
equal concentrations of M interstitials and vacancies. 

Example: AgOGl 
(d) Frenkei-type defects on the X sublattice. 
Example: Pbol 


(e) Substitutional-type defects with equal ccncentrations ef 
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570°C but above this temperature the rate curve decreased with In- 
creasing temperature. This deviation was caused by the complications 
which arise in the formation of the multi-layered scale Fe0/Fe,0 /Fe,0. 
On the other hand, Peteacon reports an activation energy of 4uU,5 


Keal/mole for the formation of the total scale in air over the range 


700 ~1200°C . 
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2. The Oxidation of Iron in Low Oxygen Pressures--A more funda- 
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mental problem, necessary for a better understanding of the true meche- 
nism of cxidation cf a metal, is an oxidation study under conditions 
where only one oxide is formed. Such an investigation is the cxidaticn 
of iron in carbon dioxide--carbon monoxide mixtures cr in hydrogen-- 
water vapor atmospheres where the effective cxygen pressure is below 

the decomposition pressures of hematite and magnetite, and where wustite 
1s the only oxide formed. From Figures 3 and 4 cne can see that by a 
Sultabie choice of experimental conditions, i.e., prcper ratios cf 


CO,,-CO or H,O-H, as the oxidizing atmospheres, wustite will be the cnly 


sxide formed at high temperatures. Fcr example, at the phase bound:ry 
where FeO is in equilibrium with 1ron, the equilibrium pressure cf 
oxygen is 1.24 x items atm. where cO,,/CO = 0,396 or Nag = 0.28, where 
“co, designates the mole fraction of CO, in the C0,,-CO ene. This 


pressure is the minimum needed tc oxidize iron at 1OOO°C, At the opro- 


site side of the phase field, the equilibrium pressure between PeO-Fe,0 


4 
1s 1.69 x 10°} atm. where CO,,/CO = 4.602 or Nag = 0,82. Thus we see 
2 


that v0,-CO (or HO-H, } mixtures provide a convenient gaseous atmosphere 





with whit hh very low efYectite sxygen partial pressuree oan Le 


while still working at 1 atm. total pressure. 


'G 
The first published work on the axidation of tron in tow uxygen 
pressure atmcspheres is apparently thut of Fischteck, Neudeube. end 
Salzer who demcnstrated that the cxidaticn of iron in CO. » 10, and 
NO obeyed a linear relationship it high temperatures. 
, ; c 
Benard ard Talbot 
tron in oxygen were also linear. 


comewhat isater 
reported that the initial stages «f oxidation ef 


In both investigations 1t was cbserved 
that the Arrhenius temperature coefficients of the linear reuction rates 


changed at the aipha tu gamma transition of iron and because of this 


they beth ecncluded that the rate controlling step cf the oxidsatis 
JIther recent studies 


reacticn was the movement of iron across the metal/noxide interf#re, 


m the oxidation of iron in Low cxygen pressire 
so Oyen eae 

mtincspheres hare teen done by Hauffe and Pfeiffer, ~’ Smeitzer, 

_ 26 Oey .. +. —_ | 

et Diss iad Fettl*. Hautfe and Piteiffer queeticned the 

eruircliing reacticn 1% the 1ron/oxide 

Jindings that the »xidation 1 

rr ak 


interf4ce, 
ie ieee 
.¢ depending upon the pressar 


Foe: 


ie / 52°C, 


rile- 
rnd isegeio on theor 
tf wustite miy be .lnpe ir tn pare 
e of the gas and Une temperiure, ®ney 
freyeeced that the linewr rate +1 oxidation 15 cwntreiced by 
Struvieoy reaction at the wustite/gas interface, 


i ieee 
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hemi - 


Wagner et al., have 
samwh that the cxidutisn rate of urtn to wustite at temperatures ')25° 
linear tunection 
mse ond aisn 
and OO between 


pad 


of the mole fraction of 0,5 
; lineir funeticn cf the sum of the partial rresstres 
7, snc ae 


in the gag 
| atm. pressure. 
rate determiniig step tur the 
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is the davegiclatiten 


“xygen atcrse «r itns, 


attricuted the ditferent rates of cxidatifn of aiphe 


eifect cf cryide crientaticn on the 
CO. 40 mies 
Za ads 
and 
Fe + O7 = FeO 
a0 
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stages of the oxidation cf iron in 


nucleation of the ~xide will not necessarily be rendom und 


have shown tat 


eee, 1 Wiel: wustite ruclesgmron 


Pev@rably criented mW&elei grcw faster than Cther Less f3a7ometay 


Mintedad Sxide niuclert. It 


Gf carbon dioxide int cerGy newton 


.S expused 1ron crystal 
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mixtare the rate@et @xidation cf ircn at 286°C 12 mest pa@pid on (1AM! 


MNianec and decreéwse® ir. the order (111), 


ome 


(ily). “Gwathmey ed Bl. 


montirmed this by showing that between 250‘ and 55)°% in oxygen rres- 


seres of 10 tu 760 mon. Hg, the reiative rate cf 


( DC) , 


t-and thidt the nunber cf nurlei per unit 


(111), CR wend (320) decréase in this order. 
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1 on the (110) planes to 10 on the (111), and to 1%: on the (10%; 
planes of a-Fe during oxidation in oxygen at 107" mom, He at 850°C, 


au found 


For the case of wustite formation on a-Fe, Mehl and McCandless 
that (100) plane of FeO lies parallel to the (100) plane of a-Fe while 
the <100> direction of FeO lies parallel to the <110> direction of 
a-Fe, Bardolle and Benard’? also observed this same epitaxial rela- 
tionship between wustite and a-Fe. Ina study of the formation of 

oxide nuclei on y-Fe, Bardolle has proposed that the epitaxial relation- 
ships differ between a-Fe/FeO and y-Fe/FeO. It has not been experi- 
mentally verified, but he prcposes that the basal plane of wustite, 
(100), is parallel to the (111) plane of y-Fe, the surface of largest 
density of atomic iron. 

For thick wustite scales the oxidation rate law is parabolic 
where the rate controlling step of the reaction is the diffusion of iron 
ions and electrons outward to the oxide/gas interface. Under these con- 
ditions where diffusion is rate-controlling, the rate of oxidation of 
iron in low-oxygen pressure atmospheres is determined by the gradient 
across the wiistite scale where the wiistite at the Fe/FeO interface 1s 


in equilibrium with the iron while the wiistite at the FeO/gas inter- 


face is that in equilibrium with the Pg in the gas phase. 


3. otudies of Diffusion in Wustite--With few exceptions dif- 


—OO 


fusion measurements can be described by an Arrhenius type equation as 


D =D. exp (-Q/RT) (19) 





hy, 


where Ph is the pre-expenentisi factor which contelns the entromy terms, 
Q is the experimentally determined activation energy {' r the pvrocess 
which contain the enthalpy terms. R is the gus constant and ! is the 
absolute temperature. 


oe) 


The Pates ci seii—dittusion ci Fe in wustite of varl@uUs fir- 


fesitions, prepared by the oxidation of iron in H 0-H, mixtures, have 


meen measured by Himmel, Mehs and fie shena ll by employing ‘he decrease 


in aurtace activity technique. For wistite of the compeositicn Fe 


\4u 


gu 
(76,00 wt % Fe), the temperature dependence of the seif ditfisicn cv 


efficient was piven as 


0, > 0,118 exp (-29,700/R1) (19a) 
e 


However, they also ckserved an anomaicas decrease in the activaticn 
energy for diffusion in wustite samples with decreasing vacancy con- 
Sentrar ion, such thageror Fey 3s, (76.75 wt % Fe), the activa* ban 
energy is found te be 22,100 cal/mole. They also observed that, the 

@ mpositicn dependence for diffusion of ircn in Bev decreises w th 
decreasing temperature. From their data 1t 1s seen that the deped- 
ence +t DL on oxygen pressure varies from approximately the 1°24 power 
at 983°U to the 1/6 power at 697° and 600°C. They did not dZSeuss the 
signiticance of this data. The self-diffusion of ircr. in wustite of 


the single compositiun (76.20 % Fe) has alsu teen mensured 


te. OQ 
0.920 
by ‘arter and pacnoeceeaes | by the sectioning method, and they 


bt i:ned the relation 





Dive = We #14 EXD b 30h, Di 


which is in exced Ment agreement with the date of Birchens¥t «et al. for 
the most oxygen-rich wustites. 

Engell?? has measured the concentration of vecuncies in wus*:te 
of different compositions by an electrochemical method. By assuming 
that the self-diffusion of iron depends exclusively on the place ex- 
change between iron ions on lattice sites and iron ion vacancies, he 
has been able to use an equation derived by C. iconene und the velues 
of Dre of Birchenall et ro to calculate the self-diffusion of the 


vacancies, D in Wistite, He found that at 963" and 897°C there 


Te ’ 
Fe 
was no recognizable dependence of the diffusion coefficient on the 


vacancy concentration, while at 800°C the D decreases slightly 


"Pe 


with increasing vacancy concentration. 


GC. The Oxidation of Iron-Chromium Alloys in Oxygen-rich Atmospheres 
Before one can thoroughly understand the mechanism of oxidation 
of an alloy, one must understand the mechanism of oxidation of the 
pure metal constituents, and although pure iron cannot be considered 
as a material for use at high temperatures, it is the base metel in 
all oxidation resistant stainless steels. For this reason, the oxi- 
dation of pure iron has been discussed briefly, and the numerous d+ - 
tailed studies of its oxidation have provided the basis for % tetter 


understanding of the complex mechanism of iron alloy oxidation. In 


these studies the various oxide layers have been identified and the 





mechanism of material trunsport acruss these various Layers has veen 
determined. In additicn the rate of oxidttion of pgiire irun 4 
function cf the variables temperature and efilective oxygen pressure 
in determining the rate erntrciling step and the rele of crystal 
“srilentaticn have been studied. 
Fcr this same reason, before a discussion of the present wus 
of the mechanism of oxidation cf 1ron-chromium alloys in 20, -GO Max - 
tures 18 undertaken, the existing works on the cxidation of these ir n 
ailoys in air and cther oxygen-rich atmospheres ire c>nsidered crieily 
The thermodynamic conditions for oxidation of + metsl can Le 


interred from a diagram of the equilibrium oxygen press'ire uver the 


metal/oxide system as a function of temperature. From the reactic: 


metal + 0, = oxide 
en@ Sem tite the eguilitrium constant, K, when both ite emu @ad 
de werur o| pure, separate phases, and from the expre.w mi €:° = 
=f | ” es ug i Be ti wit that 
i) > PAP tats 

OC. 

Ee 
PUI Oe 2S the linge if iree energy of the <@b%e: wh.ch) getucs 
dur caja the egiditiwn re@etion when the compCnents are in the 9 @and ip 
See It the nhartink pressure cl Gxygen in the @esetr.s i tiieey net e 
exceeds this equitilrbum value the metal will wxidize, snd §f it oe 


less than the eguiliorium value, the oxide will dissoctate. 


In Figure 4 sre shown va ues df the oxidation pobenteft, o.-, 





Qe 


over a range of temperatures for the Oxides of iron and enrvumium, and 
for several other metals generally found in commerce! stainless 
steels. Also shown for convenience are lines of constant Po for 
2 

various 0-00 mixtures and for Po = Ueo0l atm, Aithovugh these values 

2 
of AG’ are valid only for the oxidation of pure metals, cne sheulid uct 
be too far wrcng in using it to predict oxide formations on alisvys 
sroyided the activities cof the constituents do not deviate wo7 far 
PCCW UNLoy. 

ihus the equilibrium oxygen pctenitials shown in Figure 4 are 
measure of the relative affinities for oxygen cf the various metals 
and oxides. The more noble the metal, the higher is this equilibrium 
partial pressure cf oxygen and the lower the oxidation potentiai. 

The layered scale structure formed on iron oxidized in oxygen -ibcve 
500°C can readily be seen to be Fe,0,/Fe,0 /Fe0/Fe as mentioned 
erie Ler. 

From Figure 4 only an indication of the sequence of oxide lsyers 
fermed on a metal or alloy is obtained, but it provides no giidence 
regarding their rate of formation. The rate of oxidation vf 2 mets 
13 dependent mcre upon the structure of the growing 2x1de, and the e.se 
®f material transport across this layer, than upon the cxygen iffintty 
wf the metal, For example, AG? for the crxridation of -hromium 1s 
much less than that for the cxidation of iron, 1.e., chromiur has a 
greater affinity for cxygen yet, under the same conditions, iren wil 

.idize many times faster than chromium. In oxygen rich ctmosrheres 


it high temperatures both metals oxidize according to the priratolic 
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iaw 


2 


where Am/A is the weight gain per unit area, . ig the parabsdle 

oxidation rate constant, and t is the time. In ‘iable I are Lisied 

the parabolic rate constants for the oxidation of iron and chromium 

in pure oxygen at various temperatures, It is seen that the ox dation 
. , : 6 

rate of chromium is at the mcst cnly 1/10 that of iron. Brth metals 

cxidize by the outward migration cf cations and electrons via cation 

vacancies (p-type oxides), hcwever, Cr.0., possesses the corrundun 


Zo 


structure (as a-Fe,0.) while FeO is cubic. The relative rate of mcve- 
ment of these cations through their respective oxides can be deter- 
mined by comparing the self-diffusion of Cr in Cr,0O, from the work ot 


23 


Hagel and Seybolt? ! with that of 1ron mentioned in Section B-%3. 


cx 


= Dol 7 exp(-61,10U0/R1) _ WT 
0.118 exp(-29,700/RT) ~ 


srlin Cr_0_)/m 
a 


@) Fe(in FeO) 


Ihe extremely gocd high-temperature °xidaticn resist-uce 
re-Lr alloys in oxygen-rich atmospheres is due t» the selective -« - 
dation of chromium and the high resistance to cation diffusion of 
these chromium-rich oxides. 

Although the cxygen potential diagram is helpful when one 
4ittempts to determine the cxidation products on an Fe-Cr alloy, a 
necessary pre-requisite for understanding the kinet_c behavior of 


these alloys of different composition in cxygen at high temper:.! ires 








Fae 


is the fe-Cr-O phase diagram. The first attempt at establisAing such 


ae 


a diagram was by Yearin, Randel! and Longo 


a2 


and more recently «and 


more accurnitely by Seybolt. This Fe-Cr-OG diaugrum whicn 1s reported 


“oN 


applicable with only minor chi:nges over the temperuture ronge 61.0% 
te 1300°C is shown as Figure 5%. 

lumercus investigators have studied the oxid«tion if | ran- 
chromium alloys in an effort to determine the mechanism of cxidf thc. 
snd the role of the alloy additions in forming adherent, protect:ve 
wide layers 1n corrosive atmospheres at high temperitures, The 
"xides formed on these alloys, which contain Jets than 13% Cr, in sar 
ar oxygen are all structurally related to the oxides formed on iru, 
and are solid solutions of ee and the three ircn oxides. 4&S seen 


from Figure 5, hematite and chromic oxide form a complete solid 


sc.uticn, while magnetite dissolves chromium up to the stoicniometr.c 


fi 
ep 


(FeCr,0 ). Birchenali et abs in 
+ 


2Pen CNrOmlle CMe ettion at 6 


3 
punbdy of the “xidaticon cf irSn containing @.2 tu 1D per cem! co) 
_n oxygen from 75-7 t> J6.25°° found that wustite was not sn -xla@Are 
wrcduct Lo any extent om Miy ct these alloys, Dep wagre.d, 1t wee re- 
placed by a spinel oxide which seybolt has shown to have «= compostt fu 


(F Cr, , 0,) and S, (Fe Gree,). Brabers and 


ee ee 3 a 


prone also shcwed that the wustite phase ci uld Le reduced =nd 


lying between 5 


eventually eliminated in Fe-Ni alloys when the nickel content wes 
piereased from 30 tc 50 Wt. per cent. Since on pure iron the rete “i 
growth of wustite 1s sbout 20 tumes faster than magnetite, iy °_.7V 


addition which wiil cause a decrease >2r elimination of the wust te 





phase will result in ™ spinei Dxide phase (magnetite + ailey), in whack 
the cation diffusion is slow, and hence, the oxide layer is very pro- 
tective. Chromium is 4 particularly good additive for -xidation re- 
sistance because very small additions appesr °5° suppress completely the 
fast growing wustite phase when the oxidation 1s csrried out i1  vxyge. 
Because the equilibrium oxygen pressure of the spinels of high cnr mi im 
content is lower than the spinels low in chromium, the conditicns °f an 
oxygen pressure gradient across the oxide wili cause the high cnremoum 
spinels to form at the inner side of the scale, and 4 composition gra- 


dient will exist from the limits FeCr oF to Fe.O This has been 


2 374° 
observed by McCulloch. Fcentana and Peek = in a Study of the cxidzetion 


of stainless steels in 0,-N, fires eLol>° to 980°C, Im a seedy 


on the cxidation resistance of commercial steels containing i2, -t, 


and 27 per cent Cr in air from 870° to 1100°C, Caplan and Cohen”? One 


was always the innermost oxide in contact 


3 


with the metal. On the cther hand, Moreau reports finding statle 


served that chromite, Cr,,0 


wustite next to the metal on a wide range of Fe-Cr alluys (2.6, %, 
18, 23 and 30% Cr) oxidized at 800° to 1250°C in air. He finds <4r- 


ticles of iron chromite, FeCr,Q,, dispersed in the wustite. Ihe 


cae 


~ntermediate layer he reports as 4 spinel with chromium content 


decreasing to Fe,0, and an outer layer of a-FenV.,. 


ep 


The oxide tiormed on Fe-Cr ailoys containing greater thin svg." 
4 


a7 tc be essentially Cr,0., a rhomLohedrai-type 


2 3 


‘yide, which was shown above to be quite impervious. The role of 


13% Cr has been shown 


(hromium additions on the oxidation resistance of Fe-Cr all.iys 16 
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illustrated in Figure 6 from tne work of Yearin et o fer specimenc 
exposed to oxygen at high temperatures fr virzus Jeugths of times. 
Above about 15% Cr the degree of attack 1s seen to ve reduced sharply. 
As a summary, models fcr the oxide sct les {ormed on pure iron. 
nure chromium, and Fe-Cr alloys e=ntaining less thin and gre.ter thu 


f 


i3 per cent Gr oxidized in oxygen &ulove 570PC are shown in Figure 7. 


a 





Il, EXPERIMENTAL OBJECTIVES 


‘he mechanism of oxidation of Fe-Cr alicys at high temeera*ures 
in air cr cxygen and the role of chromium-rich, miifi-isyereda vx des 
in imparting good oxidation resistance to these «lioys are relstive_y 
weil-understcod. Hcwever, data on the “xidation cheractertetlc ad 
degree cf resistance tc atvack cr these same alloys at high temreri- 
tures bit under very Ilcw effective cxygen pressures is me.«gre and “se 
mechanism 1s unknown. The need for such information ex_s*. whenever 
stainless steeis are used in such low oxygen pressures atrmvepheres ¢s 
HQ, H,-H.O mixtures, CO, or CO-CO, mixtures. These atmosrheres may 

Zz oe #8 2 2 
approximate those found under such pract,.cal conditions 4s tn stetr 
turbines, internal combustian engines, gas-cooled nuclear reactors, 
or in atmospheres encountered in space flights such as around the 
planet Venus where the gaseous atmosrhere 18 reported to consist if 
ery large amounts of carbo dioxide. 

The purpose of this invest yggtion s to study the mech -n-osi wf 
Oxidation or Fe-"‘r alloys im carhen dicxide-carbon moncx,de ™txti.res 
wer the vemperature range 00° tu L100 J where the effectire syger 

“ttial ¢ressure is below the decomposition pressures of Fem.t.'e ad 
Magcnetite, and wustite is the cnly tren Sx¥de formed. 

In additicr tu the study of the change 1n ihe rate Df Oxed™ wnn 

4 Fe-Ur arloys when the higher oxides are not stable, the variables 


‘“Tecting the transition frem one rate-controlling stey) \& phase 


Vindary reacticn) to another rate-controlling step (difiiston Sf. fms 


O64 





and electrons) will be investigated. I+ is desired «ls> tn study 
further the linear and parabolic oxidation mechanisms with # deter- 
mination of the effect of a polyvalent impurity on the oxidation of 
iron in CO0,,-CO atmospheres where wistite is the only iron oxide 
formed. Chromium has heen selected as a trivalent impurity on the 


38,39 


basis cf its solubility in wlstite and in iron. In the case 
of small chromium additions (< 1 atom % Cr), the ecrresponding 


defect equation is to be expected 


+ 3FeO + Va (21) 


: 7 at: 
Zhe + Cr.0. = 2Cr Fe 


2 3 Fe) 


To study and characterize further the oxide or oxides formed, 
the oxidation data will be supplemented with diffusion coefficients, 
obtained from oxidation-reduction studies of pure and doped wustite, 
conductivity data, and lattice parameters. The results of the Fe-Cr 
yxidation in C0,,-CO mixtures will be compared to the existing data iv 
the literature for the oxidation of pure iron under the same conditions 
and for the oxidation of similar Fe-Cr alloys in oxygen-rich atmos- 


pheres. When data is not available for pure ircn or for pure wustite 


for comparison, this work will also be performed. 


A. ‘he Oxidation ot Iron-Chromium Alloys in Carbon Dioxide-Carbon 





Monoxide Mixtures 
The limits of existence of the stable wustite phase field in 
| & 
various C0,,-CO mixtures, as determined by Darken and Gurry, Are 


shown in‘Figure 8 The partiai pressure of oxygen is given vy 
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"C0, 
Pp =| ——] °s | 22) 


2 Poo 
where K ts the vemperatire dependent equiijvrium constant for the 


reaction 


200, = 2GU) 4 05 23) 
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i. Linear Oxidation Kinetics--As was mentioned exrlier, wr: 
oxidized under the above atmosphere has been observed 19 t%:low 


initiaily the linear rate law defined as 


si c Ky (24a) 
Lr 
hee Kt ee ari 
‘ L 
wnere Ax is the tucreise in thickness of the wustite layer, t *2 the 
time, and K, is the linear oxidation rate econstant. This equat—on 


L 


states that the reaction rate 1S constint with time and independent 
@f the film thackness. 

Experimentally it 1s more convenient to measure the 1icre:se in 
thackness as (Am/A) where Am is the weight geined and A 1s the >rigines 


urea of the metal specimen. The two quantities are proport*ona. s-rce 


Am Seen | 
we = AX * =e + p + 
M FeO 
“ Fed ” 
where M nd M ure the molecular weights of Lhe speeles “4d 


oxygen - FeQ 





ed 


60, 
Po = a. aes (22) 
2 \ Poo 


where K .s the vemperatire dependent equilitrjum constwyit Fer the 
reaceron 


200, = 200 + V5 fz 


Xa) 


i. Linear Oxidation Kinetics--As was mentioned exriier, ircc 
oxidized under the above atmosphere has been opserved to follow 


initiaily the linear rate law defined as 





dime | 
a Ay (2h) 
Gr 
4 (c 2 
; es AD t Nes 


where cX iS the  Lucrease in thickness of the wistite layer. * 1s tne 
time, and 7 is the linear oxidation rate acenstent. This eaq.atton 
states that the reaction rate 1s constant with time and indegendent 
rf the fiim thickness. 

Experimentally 1t 1s more csnvenlent tc messure the _cre:se i4 
thackness as (dm/A) where Am is the weight gained and A is the origines 


area of the metal specimen. The two quantities sre croportional since 


am eee en 
ees is sae ° Pr60 Lom 
FeO 
Where M and M are the mcetectibar weights Of the species @a 


oxygen Fev 





P60 is the density of wistite which varies with compositben. 

The rate laws are of practical importunce because they provide 
concise expressions fcr the type of reaction, and one may apply them 
tc salculate the amount cf oxidation to be expected under 4 given set 


ft conditions. When linear kinetics sre observed for the formation 


Kh 


a protective cxide and the oxide !s dense and adherent. and is ro’ 


viiatile, then a phase boundary reacticn must necessarily be the rate- 


20,27 


determining step, which has been shown to be the dissociation of 


v0., into CO and adscrbed cxygen atoms or ions. From the resuits ci 
Kobayashi and Veeeen for the dissociation cf HS on the surface of 


Ags, the rate of dissceciation of CO, on wistite should depend not 


a 
Snly on the composition of the gas phase, but also on the concentrs*tion 
of excess electron holes in the wustite solid phase. During the linear 
>X1dation of pure iron, the electron hole concentration in wustite is 

lixed as thet 1n equilibrium with metallic iron. However, 1f chrom. m 
is added, in acecrdance with equation (21), the ecncentraticn of cation 
vacancies 1s increased, and from equation 11) we can see that at cun- 


fbant oxygen pressure, if Vi increases, ® mist acel.rdingly decre-se. 


Fe 


1? the equation 


a8; 
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x 


is valid, then trom the reactions 


CO a8, + Lf eee 
Z ads. Z 
ads. ids 
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one would expect that as the cdOucentration of excess electron hples 
1s decreased (or 9 increased) by the addition ~f chromium, the r«te 
f adsorption and inecrpcration of oxygen ions snto the wust-te latt ic 
should be increased, if chemisorpticn is the rate determining ster. 
the validity of the above reactions should be reflected ce an increase 


in the linear oxidation kinetics for the chromium-doped ircn, 


WW) 
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2. Parabclic Oxidation Kinetics--When the wustite forms 
compact oxide layer and diffusion of ions and electrons thrcugh this 
layer becomes rate determining the kinetics may be described in terms 


of the parabolic rate equation 


d (a2) K 
“at ma = Tinh) PGs) 


where the increase in thickness with respect to time is inversely tr-- 


, 6 : 
portional to the thickness.” Integration ct this rate law yields 


za Sane (261 |} 
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(Am/A 
where _ is the parabolic oxidation rate constant. 
The parabolie kinetics are fcllowed because the rate of ditf.- 
sion cf iron ions via the vacancy mechanism becomes sicwer than the 
r2te of dissociation of CU. and/or adsorption of oxygen atoms cr tons 


ut, the surface, From equation (21) it is seen that the incorper:ti.sr 


a) 
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of chromium sheuld ‘eid fa an inerease in tne catia veeaticy evticen- 
tration, hence the rate cf oxidation sheauald tee inceresmged ian the 
parabolic range until a new oxide js formed. Such rate Ineresses 
. i 
have been demonstrated by Wugner and Zimens for thm oxid:tfon of 
chromium-nickel alloys (0.3 to 3.0% Cr) in oxygen at We" rC, oad ny 
at 


Pettit” for the oxidation «f coLalt containing ©.6 3t.% manganese 


in pure carbon dioxide, 


3. Temperature and Pressure Dependence of Oxidation Ketes-- 
When diffusion is the rate-controlling step in an oxidation process, 
one would expect that the temperature dependence cf the parebolic rats 


constant should follow an Arrhenius-type equation, similar to Eq. (13), 


of the type 


K = A exp (-Q/RT) (27) 


r 


- = ae 18 | 
his was first shown ly lunn™ in 1926, Mott” has rel:ted the ;ure- 


police oxidation rate sgeustant to diffusion theory by showing thet 


kK =BD (Vv -vV) 28) 


whe re U, is the ditiusion coefficient of the vacaneies, 15 18 a constini 
and ue and ie are the vacancy concentrations at the gas/oxide and 
metal/oxide interfaces, respectively. If ye is much larger then vo 
then _ Lv, and upon substituting Equation (14) into (28) w- 

>botain 
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under certain fixed conditions, one should te arie tn get values .f 
% : 58 " 

AH and AH.» Birchenall has stated that wnen self-d.{fusion measure- 
ments are conducted on specimens of constant. composition, the acti- 
vation energy shculd reflect only the energy necessary to move the 
1onic or electronic defects, whichever is the more difficult. When 
constant pressure of cone of the components is used, the ionic and 
electronic defects should vary with the temperature, and therefore, 


the activation energy should include the enthalpy of formation 2s wel! 


as the enthalpy of motion. 


4. Transition from Linear to Parabolic Oxidaticn Kinetics--As 
mentioned previously, when the oxide attains a certain thickness such 
that the diffusion of ions and electrons tecomes the rate determining 
Step, the kinetics change from linear to parabolic. An example of 


this is shown by the oxidation curve in Figure 3. ‘The paratcolic 


portion of the curve can then be described by 


ee, | 
Am/A)*~ = K_ (t-t_} (36) 
(Am/ - 


where oe 1s the time when the parabolic curve 18 extrapol«ted baecx t" 
zero gain in weight. Thus, it 1s seen that the transetion thickness, 
(Am/A) is the thickness at the pcint where the linear curve and 
the parabolic curve are tangent, i.e., where the slopes of the two 


curves sre equal. If the two rate laws 3re differentiated «md the 


slopes are equited. we get 
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when the reaction is no longer iinear, and when the reac!.on Cecomes 


NMarakeiic, will be uzed. The values of (Am/A), 


4ittone ew®pared with those chtained from the oxidstion «1 
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thickness versus reciproca! temperature gives « curve wilse slsre is 
the difference of those obtained from the parstmlic ond Tineor date, 
and any changes affecting the lineur and parubolic mechanisms sho ld 


be manifested also in the fram .2cn thickness 


B, A-Ray Diffraction studies of Pure and Doped Wist_te 
veverai investigatcrs have mede rcom-temperature luttice pura- 
meter Measurements cn wustite as a tuneticn cf eccmposition. Perhaps 
: : | is | 
the most acceptabie have been those of Jette and Focte © whe used these 
measurements to determine the phase limits of wustite. Willis and 


a1 


nhooksby and Boned have also measured the lattice parameters of 
wustite at rcom temperature, but their values of a. are considerably 
different from those of Jette and Foote. 

Because the wustite used in the above experiments were prepared 
from relatively impure iron, and because of the discordant values re- 
ported by the different investigators, 1t was felt that lattice pars- 
meter measurements shouid be cltained first on very pire wistite. Ihe 
values « f o have been extended to the limits of the stable wustite 

| . 8 
phase fieid as determined ty barker and Gurry, which inc..de 3 Larger 
range «af existence than that found by Jette and Foote. 

In order to characterize further the oxide scale formed on 
Fe-cr alloys and tc study the effect of a trivalent ‘tmpurity ion in 
wustite, lattice parameter measurements of doped wustite equilitrated 


at various compositions aisc have been obtained at room temperature. 
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Go she yondustivity of Pure and Upped Wustite 

In an attempt to determine the effect of enrmmium on the =xids- 
tion properties of Fe-Cr alloys during both the initially linear range 
und subsequent parsbolic range, conductivity measurements heve teen 
made cn both pure and doped wustites. Conductivity measurements 
should yield an indication of the relative conrentrations of holes in 
duped wustite as compared to pure wistite and thus the magnit ide «i 
the values of the electricai conductivity in these different cxides 
should be particularly helpful in determining whether the rate deter- 
mining step, during the initially linear cxidition reacticn, is *he 


dissociation and/or adsorption ot CO, anto CO and oxygen atoms or icae 


Z 
If the effect of chromium 15 as given vy Equation (21), one would ex- 
pect that under the same conditicns of temperature and oxygen pressure, 
the impure wustite should exnibit the lower conductivity. This has 


23 


been shcwn by Hautte and Bicck for nickel oxide containing dissolved 


CHrom tin exide, 


i. temperature and Pressure Dependence oi Electrieul Conauc- 
iw ity--lhe «cnduetivity cf wustite has received surpr singly littie 
attention. Wigner and Koch?“ have reported that the conduct.vity 
Wustite increases at 800", 900° and at 1OUO'C approximately according 

tc the 1/8 power cf the oxygen pressure. [hey found for Py = 266 
x wort? atm. and 1l.A x lo" +? atte that 6 = 197 and 205 ohm7tem7l, re- 


spectively, at LOUO°’LG. With pertinent values'ot the .1esncy concen- 


5 
tration, Obtained frem equililruticn experiments, Hantfe hs 
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calculated the mobility cl the electron holes at these pressures 2nd 
found it to be 1.18 and 1.lu x tie Meee ae By using the 
above data for conductivity and mobility and ther own velues of D* , 
Birchenali et al.” have calculated the transterenece number of the 
eations in wiistite at 1000°0 and found it to be approximately 2 x lu ™, 
Thus wustite 1s an almost purely electrcnic conductor, hence ror com- 
pietely urndissociated vacancies and hiies, the ecnductuv_ty shoud be 
directly proporticnal tc Le], the ccncentration of e1ectron holes. 
Peette: has aisc experimentally determined that fcr wiztite at 750 
eid LOOU4S, 6 | - ccrnshan. * p . tHe did net Geee@are the electriceax 
conductivity as repcrted in scme bceks on the sclid foe) Huwever 
the conductivity should be proportional to the 1/6 power, and not the 
i/S power, of the oxygen pressure. In this study conductivity messure- 
ments have been made on pure wustite at 1O000°C to determine this pres- 
sure dependence, and similur measurements have been made on the doned 
specimens in an etfert t» determine any etitect of the trivalent 
THUY a ys 
rt 

He1kes and “uhnster. © nave described the electrics Saneuiclive Ly 
in transiticy metal vxides by én egusiion identical in form to kquation 
(35) which deseribes the temperature and pressure dependence cf the 
Sxidation rate, Fur the same reascn that diffusitr measurements con- 
ducted in specimens heid at censtany compositicn yield activaticn 
energies comprised unly of the enthalpy and entropy of mvement of the 
#lomic defeets, crcnductivity measurements on samples Ti consent came 


fSeitiacn yield only the enthilpy and entrepy of movement ot ih 





electrical defects, Thus hole conductspn in wast_te @4 9 semete com- 


position may be described by 4 dilfisispety:e equct bom where 
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Here # 16 | Wonstant which :h-todes the jump frequency wf the lie, 
the W&t° ice phrameter cf watttte. the et@e@lronic charge 2nd tie wens? 
: i al 
im cr tire. rc) 1.3 the ht ie cancentratlonm, tnd 24 rel ae are the 


anthaapy and ertrapy .f mavement ct the heles. Wwutstututing Eqiatacn 


(!3), for the co®eentratimr wi he es, nt Dhe @efewe eqiat_on yields 
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How substituting kywation (44) for the equilibrium constant UF reicté 
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mqe end Ph. = Som KeEAL "nete. 

Thus by employiag proper mixgurrec 4 GU. eae OG to egehre oe- 
ditim@e of ccnstant compesition of wuet:te no weder =ther conditions, 
cOnSMENL oxygen pressure, the electricBl wat agi r= 7 i rere 226 aGned 
wustite his been messured ove: the temper ture renge Cyc to Lee ?", 
By compiring the measurements ~btiined trom the chromium-duped wisi les 
wlth those from the pure wustite s:mples, the effect of mperitles %m 
these thermcdynamic quantitwves should be ascertsinsble. Als» trem 
these conductivity experiments it sheild Le possitaue te Wbserve * ne 
range of solid soluticn of Ur in FeQ wider the srerificd experiments. 
Sonditions. Abrupt changes {rem the normal petcerfy im tne value eo: 
the conductivity shvuld indicite the appearence .f -ron-chrcomium 


spinel 4S @p second phase. 
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have been studied. From these studies mne is #512 %F wBtein values of 
the chemical diffusion coefficients, DL, of iron in wistite which can 
then be compared to the values cf the self-diffusion coeffitients of 
iron in wustite. From the values of D obtained for «he chromzim-dored 
wustites, one should be able to characterize further the unture of tre 
wustite scales formed on Fe-Cr alloys. 

During the cxidation of wustite the movement of the _ron _cns 
1s toward the oxide/gas interface, while during reduction the mevemen* 


of iron 1s away from this interface. The ccncentration across 


ny + 


thickness may be shown graphically, as in Figure 19%, which revresents 
the cross-section, with faces AB and A B’ as the oxide/gas interléeces. 
AA” represents the initial concentration and BB the final concertre- 
tion, both corresponding to a composition of Wustite in equilibrium 
with specific c0,,/CO ratios at fixed temperatures. it shall be 2ssumed 
that at time t = O when we admit the atmosphere that the surface con- 
centration drops immediately tc the values B and B’, and furthermore, 
as 4 Simplification, that at. any subsequent time, t, the concentraticn 
gradient is linear. In actuality, since the slope cf the gradient is 
proportional to the rate of diffusion of iron at any point, this slore 
must fall off from surface to center-line, and approach zero at the 
Ceruer. 

For the intericr of the solid wustite phase, we shall solve the 


usual differential equation representing Fick's law 
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for the boundary conditions present here, .46., for 4 trln plate ex- 
posed on both sides. The solution which is udenticsl with that for 


tne ~ditiusion of heat in 3 similar eolid) ts 
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The excess concentration* is thet over and above the concentra- 
tion in equilibrium with the atmosphere admitted at time, t = 0. 

Since equation (43) gives the thecretical excess distribution 
jt any time t in a slab where diffusion is the rate controlling ster. 
the tctal excess, 2“, remaining can be determined by integration cf the 


distribution curve at any time t. Thus 
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The percentage of the exeess concentration, C, 1s shown in *ig- 
ure il plotted against the cross-section of the slab. The d°-fferen+ 
curves represent the values of C at different stages of the reduction 
or oxidation process as represented by the different values of + As 
given by Equation (44a), 2 18 equal to the area under the concentration 
gradient curve divided by the initial excess concentration as illus- 
trated by the area AA BB in Figure 10. When 2 1s less than 0.7 the 
first term of the series in Equation (44b) is large as compared to the 
subsequent terms and the gradients can be represented as sine curves 
as shown in Figure ll. 

But “, the excess oxygen or iron at time t 1s simply Cerny 
where Q is the fracticnai amount remcved at any time t, or more con- 


Ar 
veniently Q = mn where 


I 


Am = fractional change in weight at any time t 


Ji 


Aw total change in weight after the sample is in equilitrium 


with the atmosphere which was admitted at time t = © 
Because equation (4ac) is a rapidly converging series, the 


second term is very small except for small time periods, we csn then 


write 
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Ghivpotain 2, the chemical diffusion coefficient of irsn in wustB™e 


Equations of the type (43) through (46) were «prourently first 
o 


57 ! . | = 
ised by Sherwood and Newman in an anaiysis of the drying of solids, 
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Dunwald and Wapner?” derived these equations and suggested that they 


could be used to study the movement of "dissolved" oxygen 1 cupreus 


} 
{ were sble to Stitain the 


beide and niekel vane, and Snenk Sei. 

diffiuceion coefficient 7f dissolved exygen in stsinless steels ty their 
| 7 {0+ fa +. 

ase, More recently. Jerin md Eliitkenn Shcwed thelr Gp perr7 #21; 


: | O« 
te several diffusion <¢tudies, «nd Meser hks reported the ditiasaon 


\xygen during ervidstiem and reduction cf rutile. 





TTT: FAPERIMMYT AL PHASE 


A. The Oxidstann sf the Alliys 


“Ne 


lron-chromium alloys cbntaining M227. 11.82, 1e3, Aare eer 
Toop wt # chromium and 4 commercizl Type 43 stainless steel op@iisin- 
ing 18.21 wt % chromium have been %xidized :4 70, -C0 Miktires Wer tne 
cemperdture range &0'U° tc li, i?C where, in tecordance with tne rrase 
diagram in Figure 8, wistite is the nly 1uron oxide formed, ine cron 
divxide-carbon monoxide atmospheres ised in this study were mixtures 
70% CO,-304% CO (N = ite 6see. -20% CO ie =),Gamy) , aad 
- 00,, 2 5 


. 0,509). "he total pressure of the ges mitre 


50% C0.,-50% CO Meo, 


Was always maintained at 1 itm. 
The method of determining Ky ond Kp Was by messuring tne weight 
Tnecrease per unit area of the Srigingl mets! specimen 1s « fuinetion 


tame. A plot of (Am/A) versus time yields K, ( om/om-sec) Molen 


nist ot (am/A)* versus time gives = ( ou" fom seo). 


1. Specimen Analysis ind Preparation--The iron ssed «s the “:s 
mets in this study wes k’nd!ty turn-shed Ly tne Pittelie temirts: 


Thstitute +s 32 spetimen of gone-melted, h-gh-parity Lrem welgning 


a3 


fivircximately one ;olnd. The Wialysia previded w.th this spertmen . 
emer in Table Il. 

ihe chromium used wie Matthey spectragraphscaily st snaurdized 
ehivincum which wes Sbtuined in peilet f5rm with the previded imp.rkty 


Weeiyeis given tr live Il, 


whe desired wmetints Sf chemi were maxcd wit® trey ond “hee 


ms 


alloys were formed by melting the metels in : witer-co7lea csprer 
crucible under an argon atmosphere with 4 eonsumucle tungste> elec- 
trode. The standsrd procedure wes to cool and remelt the metal vuitton 
at least four times in order t2 obtain the desired homopeneity, whe 
metal buttcns were then cold-rolled directly to s thickness «2 «: 
U.050 inch. This strip was then cut into specimen coupons 1/2 inen x 
3/8 inch. Certain selected sumples were analyzed for chrom. m cc:.tent 
snd others were examined micriscopically to determine if any innumege- 
neity existed. All of the samples examined appecred ts be homogeneous. 
A hole cf 0.05% inch diameter was drilled in one end of the 
metal specimens which were to be used for oxidation experiments. These 
specimens were then volished on Armour metaliogrsphic paper through 
No, 4/0 and lapped on a wheel ccvered with a Beuhler AB microcloth 
which was saturated with Linde !ype A fine abrasive. After « mirrcer- 
Minish had been attained, the dimenzcns of the specimens were messured 
Wath u micrometer. The samples were then washed with ethyl sleohe. «nd 
Jerghed Gn a Mettler Type H45 analytical balance which nas an ‘ecurccey 
uf tu.)5 mg. The usual sampie, atter polishing, had a surfuce 9rex 
ie ime 2 amn® , wis wbout (Ua aneh thiek end weighed sbolit 2.2 em, 
The ssmples were then anriesled in cleansed static hydrogen for “cour 
i2Z2 hours it 550-600? in crder ts relieve sny stresses in the metrl 
and tao stubilize the grain size. Ihey were then re-weighed «nd st>red 


ii Sn evacuated dessachtcr un?#l retdy for use. 





20 ‘he Oxidition Apparutus~-The apparatus used in this study 
was an Ainsworth vacuum, semi-microe, witomati> reeurding » icnce. The 
balance capacity 1s 1900 gm. with an over-all we.yhing :c¢turscy within 
the autcmatic range of * 9.03 mg. ‘The range of utomitle wefght oners- 


tion 20 4200 me. 
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The gain in weight during an “x_dition experiment csuses 
fiecticn of the beam cf the brliunce which 1s detected by virtatle 
inductance transducer in a bridge 2ircuit. Any imblance ir thes 
circuit gives an output signal which 1¢ then amplified to operate tne 
recorder which reccrds the change in weight on = varisole-speed charv. 
The chart width is 10 inches which corresponds t»> 19 mg. Whenever tne 
pen reaches 10.25 mg. on the scale, a 10 mg. weight is sdded to *he 
balance beam and this moves the pen back to \).25 mg., ready for an- 
Other sweep across the chart. tJhere are enough combinations of weights 
we dt this switching 37 times, giving i completely automatie rounge Far 
Ar increase in welghi of sNM mg. 

The oxidaticn chtmoer ccnzisted nr 4 MclWanel mablite tuve 3/4 
igcth i.b. and Z4 inches isng thiwhicn were connerted sStundard-tevered 
oyrex glass joints. Tnis tube was m unted in « tixed vertic.1 posi- 
tion beicw the Alnswerth baulwmace. ihe furnace w.s 4 Marshall high- 
temperature furnace with i muximum cperating temperature of 120°C. 
fhe furnace was shunted in parallei across the center portion o: tne 
windings in such 3 manner thet « constant temperature zone of * Ware 


wos COomeaned Over apdic#gace “1 Page inches. 


fhe entire sisseml iy wus Meinted in wv rigid sleet !rume gut. 





that the furnace and mullite tube were fixed. The talence wes mounted 
on an aluminum plate which was fitted st the four corners with preci- 
sion-fitting ball bushings which allowed fer vertienl movement along 
four fixed shafts. The balance was connected to the uprer pyrex joint 
by a machined brass sleeve and 4 stainless steel tute. See Figure 12, 
A vacuum-tight sliding joint was maintained between the stuinless 

steel tube and brass sleeve by O-ring seals which were mounted in pairs 
inside the brass sleeve. When the balance was lifted to its highest 
position a space of about 8 inches separated the bottom of the brsgss 
sleeve from the top of the stainless steel tube. See Figure 13(a). 

A 24 inch quartz fiber (0,010 inch diameter) which was attached to the 
balance beam terminated in this gap. ‘The metal specimen was then 
lowered into the steel tube by a second fiber which was then hooked 

to the upper fiber. The balance assembly and specimen was then lowered 
to an intermediate position, Figure 13(b), where the O-ring seals en- 
gaged the steel tube and the specimen was in a cold zone abcve the 
furnace. While in this position the entire system could be evacuated 
With a vacuum pump, and then the desired gas mixture admitted into the 
assembly. While in this position the specimen was counter-balanced in 
order to maximize the sutomatic weighing range. The gas flow entered 
the oxidation chamver from the bottom and exited, to an exhaust system, 
at the point just below the stainless steel to glass joint. After the 
Gesired gas flow and temperature had been established, the balance and 
specimen could be quickly lowered to the lower position, Figure 13(e), 


the balance beam arrest disengaged «ind the recorder chart st«rted. 





4? 


In thls position the stainless steel tube is completely wityin tne 
brass sleeve and the specimen is pcesitioned «t the center wf the hor, 
zone. With this movable balance assembly, the specimen could te 
lowered into the hot zone cr r-ised up to the eold zone within one 
or two seconds. 

At the end of an oxidation run the gas supply to the furnsce 
was shut off and the balance was quickly raised to the intermediate 
position. This position placed the red-hot specimen on the cold zone 
where it quickly cooled. The CO,-CO mixture was then evacuated, «ir 
re-admitted snd then the balance lifted to the upper position. The 
oxidized sampie was always weighed on the Mettler balance and this 
gain in weight was always compared to the gain in weight recorded by 
the Ainsworth balance. For 4 total of 60 oxidation runs performed in 


this study the average difference between the two different weighings 


was * 0,00029 ¢m. 


CO Gas Contrel System--Carbon dioxide cf Bone-Dry 
grade and carbon monoxide cf C.P. grade were used throughout this 
study. A typical analysis of these gases is given in Tatle iV. The 
carbon dioxide was cleaned by passing 1t successively through tubes 
containing activated alumina, hot copper chips at 500°C, and activated 
alumina. The activated alumina would remove any moisture while the 
hot copper would remove any oxygen present. The carbon monoxide ws 
passed successively through tubes containing magnesium perchlorate, 


Ascarite, and magnesium perchlor-te. Both gases were metered w-*:. 





conventional matrometrém féowmeters ts'sre « cygilber; of suet «.> mm. 
and with the two arms sf the manometer erntuwing dl-cuty> puthsliate. 
A schematic diagram of the gss trains zs shown -n Figure 14. The 
flowmeters were calibrated Using so "Prez:sion"” Wet fest meter. The 
accuracy of this meter has been confirmed ta\Be w_thin 1 per cent cy 
comparing it to the dispiacement cf a sosp bubble in s graduated 
burette. For a number ot different flow rates from zero to 19 7 /nr, 
the value of 4h (cm). the difference in height of the iiquid in the twe 
arms cf the manometer’, wes 2btained, and a linear relatiorship wes 
found for beth flowmeters. In accordance with the recommendations of 
Darken and ona the total flow cf the gases was always maintained at 
that vaiue which gave a linear velocity of 0.9 ecm. per second over the 
Specimen. Ihey found that at flow rates less than this value thermal! 
sepregation of the gases occured whiie at faster flow rates the speci- 
men had « tendency to be tocled by the incoming gsses. In order to 
have a flow «t UO. cm/sec through the AS ie, lake Maeve ti be a 
total flow bt J.23 iiters per hour wos alwfys mkkntsined, In all 


ealeulations 1t wis «ssumed that the gases behave ideally, ..€., 


Velume of CO,/V0 Lume et CO, 


erature wLutroi--The temperature t the furnsre wes 
held te within about * 3/2°C af a ecnstant vilue during any ene ruff ty 


using a Leeds and Northrup AZAR-type temperature euntrolier. Ihe in- 


nut signal to the esntroller orsginuted trp a Pt-Pt-1¥Y% Rh tnerm>- 





bp 


coliple positioned a8 & L'4 Srich h®r.zuntOL thermoetinie weil loesred 

at the midpoint of the vertical Tummece. « seeund Fi-Pt-!'@% Rn thermo- 
couple was used to measure the specimen tempernture «nd this thermo- 
couple was placed in 4 vertical position in <- well slongs_de the 
mullite tube. t was positioned in the center of *the het zime we.cn 
had been cbtained by successive cslibrations with d’fferent snunts. 

in order to determine the setusl difference in temperstuire vetween 

the specimen and this measuring couple, ~ third thermocouple wes in- 
serted into the mllite tube at the position where the sample wculd ce 
located and a AT vs 1 curve obtained over the range of 750° to 1150°C. 
After the calibration was completed, this third thermoccuple was re- 
moved. With this graph. one cculd then meesure, and set the controller 
tc hold, any desired specimen temperature. The difference between the 


actual specimen temperature with gises flowing, and the meesured 


ir - 


temoerature Varied fumes §° 22> at fore te 1 1/290 stele. 6 
temperature at the sperimen pOsition wis noted to hold conetant ft 


chin 2 1/276, 


Bo X-Ray Analysis 2! Pure end Loped Wistite 


The lattice parameters of pure wustite and wustite containing 


= 


4,67 wt. yer cent ehrom um were measured at room temperature aiter the 
oxides had been equililrated at Iiw°'C in varios Vy-0 mixtures. 
The oxides were formed from metal co yons which were rrecocred 


vy polishing in the some minner as those prepared for the »xid«tion 


exm@eriments. A CU,% 20 ges train ind iturnace sssemily “1 ine exo: 





same type as used im the oxid@nimdis pometae wos bet ructed fr tne 
x-ray and conductivity studies. ihe spes=me v W4s mierWaded cy t 
quartz fiber at the center of + pre-determined not-zone (+7 .7°C wer 
a distance of 2 inches) in 4 one-inch mull te tube which hod on cnter- 
changeable top sc that it) esuld be ttsed in beth studies. Ine detcits 
Mf .he apparatus sare described in Section °-2. After the sxide sneci- 


men had been equilibrated ir the spec fie CO,-CO mixture,* 1t we 


2 
quenched in this same tmosrhere by drawing it up intc the ecld zone 
above the furnace by means of 1 smaii winehn tc which was t:stened « 
small chain abcve the guartz fiber. 

The composition of the wustite wis determ ned 4s 


initial weight of metal |. ier «(473 


a ‘ = nL, ata SIE Se A RY eas Sa nT TE ey a 
W I oxygen { final weight of wustite | 


ihe wistite samples were then ground to = powder, screened 
th&eugh =~ jJe mesh sieve -nd se.led in -.3 mm. diameter, thin-wei_ed 
GLASKAPILLARE.! for x-ray anaaysis. Debye-Scherrer powder fut*terns 
were cltained ty using e balt r&distden with un ir f.iter snd 4 
general Electrie camera with & h@liec_reurference af 225 mm. 443 ai 
the phcovcgraphs were taken at reem temperature. 


The values .f the Lattice parameter were “alculated from =cout 


10 iines tying between 20 and 70 degrees +f ©, and these values 3! 


The time fo: equilibratitn wis determined from the previous exrer:- 
rents on the rate cf oxiditaysn of the metel, and from the tere at 


equilibration of the speeimens3 used _n the reduction tnd bx.ds* 7m 


“f wustite experiments wnich «re disvussed in the last sertaon 





a were then plotted versus the liclson-RKeiilly functlur. The value 
a. was then obtained by extrapolating to where the ‘lelsun-Rellly 


function equals zero. 
D. Conductivity Measurements 


1. Specimen Preparation--A specimen of the high-purity ‘ron 
and specimens containing 0.88 and 1.70 wt % Cr were prepared vy polish- 
ing them in the same manner as the specimens for oxidation experiments. 
They were then carefully measured with a micrometer to determine the 
width and the thickness. The metal specimens were then wrapped at 
four evenly-spaced positions with 0.9013 inch Pt wire, as shown in 
Figure 15(a), and the distance, d, between the two inner windings was 
measured with an optical micrometer. The specimens were then oxidized 
to wlistite in a 70% CO,,.-30% CO mixture at 1000°C. During the oxida- 
tion process the movement of iron was outward to the oxide/gas inter- 
face and the wrapped Pt wires were completely engulfed by the wustite 
as shown in Figure 15(b) and (c). The final wiistite samples were 
large grained, with the average grain diameter being about 0.3 cm. 
Because the movement of the iron was perpendicular to the oxide sur- 
face, no lateral movement of the Pt wires occurred, hence dan = dine? 
By neglecting a small "edge-effect," the width of the final wustite 
sample is essentially the same as vriginal width of the metal coupon, 
however, the thickness of the wistite increased during the oxidat.on 


process such that 


where ae and Ue represent the thickness Ab wistlt€ fimd tee grieve 
thickness of the iron specimen, and a (FeO) -§ the lat®*ice p: rameter 
of wustite at a given composition as determined from the x-ray studies, 
and 4 (a-Fe) is the lattice parameter of a-Fe (= 2 8665 A). 

This method of specimen preparation was decided upon for 
several reasons. (1) No single crystals of wistite were available and 
regardless, in order to compare the doped wustite with the pure wustite 
the experimental conditions should be as near alike as possible. (2) 
This method eliminated any chance cf contamination during preparation, 
whereas contaminaticn would be possibie during the pressing, sintering 
and handling operations if powdered compacts had been used. (%) Wiis- 
tite tends to develcp small cracks when re-heated, and by preparing 


the specimen in the above manner, this problem was avoided. 


2. Apparatus--A four point probe method was used fcr ali 
measurements, and a schematic of the electrical circuit is sh-wn in 


Figure 16. The conductivity was measured as 





O (ohm™tem7*) = - = | ,0%. 
spec FeQ 
where 
= Be eae J a 6 ee 
spec a std as 


and 








FeQ | 
Aaa 4 ——-- ice | 
Feu “Re He { a ~~ 
| “q--Fe 
Here R E nd R sre the mes l voltayee & oie- 
spec’ ‘spec’ “std siq 22 he messured v avee 4nd recsté 


tances across the specimen and st«ndard resistor, respect.ve!y. 
is the cross~sectional area cf the wistite specimen. jhe value of 
O varied with composition, hence » different value of a was used 
FeO 
for each different equilibrium gas mixture. The values of a_ for FeO 
#) 
versus Nag were determined by the x-ray studies. Again, from the date 
a 
of Darken and Gurry, values cf Pro [Pag were calculated such that the 
ae) 
conductivity of wustite could be measured under conditions of ccnstant 
composition and ccnstant oxygen pressure. 

A furnace assembly and a C0,,~CO gas train of the exact. same type 
as used in the oxidation apparatus was constructed for the conductivity 
studies. The specimen was suspended at the center of a pre-determined 
hot zone (+ 0.7°C over a distance of 2 inches) in a mullite tube of 
one inch 1.D. to which were fastened two pyrex-glass joints. Ihe gas 
mixture entered at the boitom and tilowed upward over the specimen and 
was exhausted. ‘The total gas flow was aiways constant at 16.4 Pinar t: 
insure a linear velocity of 0.9 om/sec over thé sampie. The furn:ce 
was a Marshall high-temperature type capable of reaching 12's’ >. The 
temperature was controlied ' within * 1°C by a Leeds and iorthrup 


ELECTROMAX type temperature controiler which received its jnpat from 


a chromel-alumel thermoronple mopnted in the h:rizonta’l *herfcoOur e 


Ce 
tn 
a) 
vy 
OF 


well at the furnace mid-print. lhe specimen temper‘iture Wes ™ 





by a calibrated Pt-Pt-10% Rh thermoenupie whlen extended down thri.gn 


’ ‘ / . : 
a quartz tube to within 1/4 inch of the specimen. oee Figure lhe). 
D. The Reduction and Oxidation of Pure snd Doped Wistite 


1. Specimen Preparation--Samples of zone-melted, high pirity 
iron and samples containing 0.88 wt per cent chromium were prepsred 
as specimens 0.5 in. X 0.3 in. x 0.050 in. These specimens were then 
prepared in the same manner as those used in the oxidation experiments 
by polishing them through No. 4/0 metallographic paper, lapping them 
on a wheel covered with Linde A fine abrasive, and then annealing them 
in static hydrogen at about 600°C for about 12 hours. The surface 
area of these specimens was about 2.5 a and they weighed about one 
gram. These metal coupons were then oxidized to wistite at a tempera- 
ture of 1000°C in a 70% CO, -30% CO gas mixture. All specimens were 
oxidized under these same conditions so that the grain size and sur- 
face texture would be as near alike as possible for all of the final 
wistite samples. 

From the data of Darken and ene on the equilibrium composi- 
tions of wistite in various CO,,-CO mixtures, vaiues of glo in equi- 
librium with wiistite of the constant oxygen to iron ratios cf _.Q52 
(23.13 wt. % oxygen), 1.075 (23.55 wt. % oxygen), 1.100 (23.86 wt. % 
oxygen), and 1.125 (24.37 wt. jy oxygen) were determined for the tem-- 
peratures 900°, 950%, 1000°, 1050° and 1100°C. These values of 
constant composition are shown plotted on the wustite phuse t.eld on 


Figure &@. After the specimen was completely converted from ir-n t 





wustite, it was equilibrated at the desired inlleGd ccompneising ty 
fixing the temperature and sudjusting the gas fiow te the desired 


calculated value of Poo /Poo for that composition end -empere ure. 
= e 


2. Apparatus and Procedure--the Ainsworth automatic tulance 
described in the previous section was used in this study. To begin 
an oxidation or reduction run, the gas flow which was in equilibrium 


iG ee 


with the specimen was shut off and a new value of Pag /Peg 
2 \ad 


lished by by-passing the furnace. At a time designated as t = 9. the 
newly established value cf Poo, / Poo the gas mixture which would be 

in equilibrium with the desired final composition cf wustate st that 
specific temperature, was admitted to the furnace, the recorder chart 
started, and the reaction began aimost immediately. The specimen was 
not lifted from the het zone because it was found that by cooling and 
reheating the wustite small cracks scmetimes developed on the samples. 
The existence of such cracks could, cf course, complicate the final 
analyzed results by causing the surface srea exposed to the gases to 
be greater than the measured value. 

During a reduction experiment. the cperation of the Ainsworth 
balance was just the reverse cf that for an oxidstion experiment. 
Whenever the pen reached a value or the chart of -l.25 mge 4 switch 
was activated, a 10 mg. weignt was removed, and ihe pen mcved 22 


9.75 mg. ready tu make anuther decreasing sweep, Yross ‘he se:le 





Eo Metaltographiic Examinal torn 


fa) 


The samples to be used fcr metallogrerkie examlecs were 
mounted in Koldmount self-curing resin. Ine oxide spcttlment were 
generally supported within a mounting ring by « quartz ficer whicr 
passed through the hole at one end of the sample. Th’s «ssemuly wee 
then placed on a microscope slide and fiiled with the resin which 
hardened in about 30 minutes at room tempersuture. The ssmples were 
then polished on metallographic paper to expose the desired cross- 
section and finally lapped lightly on 4 wheel which was satureted with 
Linde A fine abrasive. Whenever any of the specimens required etching 


a 2% nital sclution was used. 





IV. EXPERIMENTAL RESULTS AND DISCJOSTOUS 


A. The Oxidaticn of Iron-Chromium Alloys 

The oxidation of 1ron-chromium alloys containing 20, 9.88, 
1.70, 5.70, 7.55 wt % chromium and a commercial lype 420 steinzess 
steel containing 18.21 wt % chromium were cxidized in cerbon monoxide- 


carbon dioxide mixtures of mole fractions of CO N » equal to 9.502, 


Pa CO, 
0.600 and 0.700 over the temperature range 800° to 1109°C. The rate 
constants for the oxidation experiments under the above varicus condi- 
tions were obtained from a continuous recording of the gain in weight 
as a function cf time. 

The experimental results have shown that all of the ebove alloys 
SxdiZe “in CO,,-CO mixtures with the same sequence of mechanisms. The 
first stage of the reaction is one of lineer oxidation where the rate 
controlling step is a phase-boundary reaction at the oxide-gas inter- 
face. This occurs when the rate of diffusion of the metal ions through 
the oxide scale exceeds the rate at which oxygen ions can be supplied 
at the oxide-gas interface. This initial linear period is sometimes 
divided into a short first iinear and a longer second linear reaction 
where the second linear is aiways the faster of the two rates. Pee 
has found that ithe rate of oxidation of pure iron during this first 
linear region is dependent upon the grain size of the metal substrate, 


while the value of K, , the rate constant fcr the second linear regzor, 


a 


is independent ct the structure cf the metal substrate. Fur*hermore, 


it was found that the first 1inear rate constants were not very 


oi, 





cma 


reproducibie since the grain size of tne metailic suwz rete veried “rom 
one specimen to another, and as the size of the mets! greins incre¢esed, 
the rate of oxidation of the first lineyr also inecre:sed. As ment .uned 
earlier, the rate of growth of wustite on ircn Ls dependent upon the 
orientation of the oxide crystais, and the first linesr spparent.y 
results from the simultaneous growth of oxide crystals of all prsczibie 
orientations. However, 1m time, the faster growing crystais are eble 
to engulf the slower growing ones and the final rate of cxidéetion is 
that observed for the second 1tinear rate which represents the rate of 
increase in thickness of the preferred wustite crystals. Jhis mecha- 
nism for the initial growth of 4 wustite scale on iron was first sug- 


: a oe 
gested by Gulbransen et rae and a number of imvestigators’ 9°77? 2 


have shown that wustite with a (100) plane parallel to the metaliic 
substrate exhibits the most rapid rate of growth. 

Because the first linear rate was not observed in all of the 
oxidation experiments performed in the present study, and because 1t 
was not very reproducible even when observed, all linear rates mentioned 
in this study refer to the "second" linear rate, which was always pre- 
sent and reproducible. 

As the cxidation reaction continues 8 eri Sieai Geile thickness 
is eventually reached where the phase-boundary reacticn 1s no Longer 
the siow step and ditfusicn of the metal iuvns thronrgh the wistite 
iayer becomes rate conir@7iting. At this *hicknese, the iniMaa *inear 
rate transforms to the sec ind stage Ti the reactsun, und par@t+1ic 


he1daticn kinetics enaue. 


en 





Shown in Figure 17 are representative curves for the i!near 
oxidation of 0.20 and 0.88 % Cr-Fe alloys snd for the Type 232 ecn- 
mercial stainless steels, oxidized in a 60 vol % C0,,-CO mixture at 
different temperatures. ‘The arrows indicate the time and oxide thick- 
ness at which linear oxidation kinetics transform to perabolie oxi- 
dation kinetics. The type 430 stainless steel, for example, oxidizes 
linearly for over 16 hours at 1100°C and until an oxide thickness of 
P25 xX ig © cm. is reached. 


Figure 18 shows the rate of oxidation of the 7.55 % Cr-Fe slloy 


in a 60 vol %@ CO.-CO mixture at 1100°, 1000° and 900°C plotted both as 


Z 
linear (Am/A vs. time) and as parabolic [ (am/A)* vs. time]. These types 


of kinetics are typical of the oxidation of iron-chromium alloys in 


C0,,-CO mixtures, and the weight gain as a function ot time was plotted 


in this same manner for all of the oxidation experiments. The values of 
the linear and parabclic oxidation rate constants for the alloys oxidized 
under different conditions of gas mixture and temperature are listed in 
Table V. 


During the follcwing discussion, the experimental results of this 


i 
oxidation study will be compared primarily with the results of Pettit® 


26 


and Wagner et al” for the oxidation of pure iron in CO0,,-CO mixtures and 
, LO _— 
with the results of Birchenall et al for the oxidation of iron-chromium 
allcys in oxygen. 
Under the oxidizing conditions used in the present study, wustite 
is the only iron oxide formed. The oxide formed on the alloys which 


contained chromium in an nmount less than the solubility Limit of chromium 





in wustite ls ¢ single phase oxide. Fer the silOye with «= sHyee mj um 
content in excess of this s@¥ubility ‘omit, « two-luyere® Mxide scele 
is formed where, in accordance with the Fe-Cr-G phase diagrium snd ~ne 
relative positions of the free energies of furmation of the wxides, 
the outer layer is identified as chromium-doped wistite, and the cnner 
layer is an iron-chromium spinel. Cross-sections of metal specimens 
which were converted completely to oxide sre shown in Figure 17. By 
comparing the oxides of the alloys with Figure 19(s), which is « 
sample of pure wustite formed by the oxidation of a coupon of the pure 
ircen, it is seen that the oxide products of the elloys containing 0.2C 
and 0.88 % Cr are, for the most part, single phase oxides existing ¢s 
Cr-doped wustite, while for the scales on the alloys containing greater 
than 1.70 4 chromium, two layers are visible which indicates that the 


solubility limit of chromium in wistite has been exceeded. 


1. Oxidericn of the 0.20 wit @ Cr-Fe Alloy--In order to study 





tie er1teet Of = trivalent 26m On the oxidation kKimetics of tron in 


CO, -CO mixtures, pure iron doped with 9.20 wt # Ur was cxidized in gas 


mixtures of N. G.500, 0.600 and 0.700 over the temperature range 
VW 


2 


S00° te 1i00°C, From x-ray analysis, this smount of chromium has been 
found to be scluble in wistite over the temperature range studied. 
a. Linear Kinetics 

Linear oxidation kinetics result when the ratesct eqdsgrpiee 


and/or the rate Ti diss@elation ef the CO, intp 00 and pxygen aia or 


2 


ions is slower than the rate of diftushen pt the mejel mms trim the 





metal/oxide interface through the oxide scale ta tne .xidefgus itter- 
face. Under the conditions where a phase-boundary resection is the rete 


— 6 
determining step, Wagner ; has derived the equation where 


= kP (1+ XK) gg ~ "CO, (equilib) | (59) 


>| 5 e 


where n/A 1s the number of equivalents of oxide formed per unit erea 
per unit time, k is the rate constant for the phase-boundary reacticn, 


P is the sum of the partial pressure of the CO and CO., K is the equi- 


Ps 


librium constant for iron, wustite and the gas mixture, Noo is the 
2 


mole fraction of the C0, in the oxidizing gas mixture and “co, (eq) is 
mole fraction of CO, in the CO,-CO mixture which is in equilibrium with 
Fe-FeQ at the specific temperature of the oxidation experiment. Since 
it is 


n/A is proportional to the linear reaction rate constant. KE 


seen that when P = 1 atm., K. should be proportional to the mole frac- 


L 


Pion OF CO, in the cxidizing gas mixture. Plots of AD versus Nag are 
2 


shown in Figures 20 and 21 for the oxidation of the 0.20 % Cr-Fe alloy 
at varicus temperatures. These resu.ts show that the linear rute f 
oxidation 1s directly proportional to the mole fraction of U5 in the 
pas mixture and that the rate determining step of the oxidation prccess 
is a phase-boundary reaction which occurs at the wistite/gas interface. 

The temperature dependence cf the linetir resctiun rate fer each 
»f the three gas mixtures 1S shown in Figures 22, 23 and 24. Jl1 7s 


seen that the linear reaction rate constant fol™ws an Arrhet!is-sype 


temperature dependence where the sicpe tf the log AD vse lf@# eurve 








ee 


qentains the activation energy fer tne phvse=tmusdity revert. 
Wf the three curves 1s seen tc have » distinct creak In the vie nity 
of 950° - 1000°C. The activation energy for the low tempereture por- 
tion of the curve is found to be sbout 23 Keal while that for tne hign 
temperature region is about 90 Keal. 

For comparison, the linear oxidation data for pure iron in + 


60 vol % CO,-CO mixture is also shown in Figure 23. There is @ similar 


a 
@eviation 1n the curve, but it occurs 4%. 923°C for the cxidaiion of 
pure 1ron while fcr the 0.20 % Cr-Fe the break is at 986°C. Aiso, 
while the activaticn energy for the low temperature region of the curve 
is abcut the same for both metals, 26.3 Keal for pure Fe and 22.2 Keal 
for 0.20 % Cr-Fe, there is considerabie difference in the activation 
energies of the high temperature portion where values of 56.2 Keal and 
88.0 Keal were chtained for pure Fe and the 0.20 % Cr-Fe allcy, re- 
spectively. <A list of all of the activation energies for the linear 
oxidation is given in lable VI. 

By substituting the values of nfl, Neo , and Noo, (ea? sbeane 
Fquation (50), the value of k, (equiv. /em “sec) the rate constant for 
the phase-boundary reaction, can be obtained. The temperature de- 
pendence cf this rate constant is identical to the curves in Figures 
22 to 24 tor log K, vs. 1/1, and this 1s to be expected inasmuch s 
they both represent the temperature dependence of the phese~oeundary 


reaction, 1.6., the adscrgmaond/or dissvciat maa cr a Liu of 


and oxygen. 





& Perabcii® K:nettice 


(1) lempersture Mbvaaien*4--Tne tepfiiiret :re dq oe in 
perebdiic rate constants fer thesxidaLiwe fe 272 tr-Fe@n te. 
2 


0.500, §'.600 and 0.700 are alse shown in Bigures 22, 23 und 24, re- 
spectively. Alsc shown 1n Figure 23 1s temperature dependence ~+r tne 
oxidation of pure ircn inder +he same conditions. Ine éetivati®n en- 
ergies for these <cxidaticon reac’iuns are given in laktle Vi- F eam 
Figure 23 one can see that the parabolic cxidaticn of the J.20 7% Cr-Fe 
alicy proceed:, fcr the most part, at 4 rate scmewhat faster *than *ha’ 
for pure ircn, ‘tere 1s, however, @ deviaticn of the temperat ore de- 
pendence fcr the ‘oidation Ef the 0.20 4 Ur-Fe abloy at #0? whier 
is not observed tcr the oxidation cf the pure ircen. a simi ar devia- 
ticn was observed tar the oxidation &f the allcy in 1 50 van 7 C0, -L0 
mixture (Figure 22), but it was not present during the oxidation cf the 
alloy in the 70 vei # 00, CO mixture shown in Figure 24. The possi- 
bilities fcr the existence of this break will be discussed later. 

The parabeclic rate constants for the gpidawirn, Jron-chremiee 
allcys conimaining U.2U. 2.00, 4 35, and 6 97 % om in uxvgen have bee: 


A 


calculated frem the work of Rirchenal) et al. qo the LD.) hg et 
these values are plctted as a tunetion 'ft recwrrccal temperature on 


Figure 33. These ratee @iferd 4 pod comparison fw, be-Ur aie 1 


similar chimp cc nten? whagh n&ve reen Sxfdaged 1s la, Lor | See 

in the present. =< dy. Pic cemf thit the asec ST ea ici =e ~ nese 
alloys ln Cxygen ire 2 ier es ieeSer ie that @> Bre thee, we 
MRidizes WV 1:eariy * ho Sa poe we her 1 Ga Serie ay smces 





O€ 


The Ectivation energies fur the gxidatigg resackbone a =C 
and below in Nao =8500 and OfGMIS and for "Ral the tempera ure tie @ 
“2 
gas mixture of Nao = M700, are 20.9, 19 G und 25 € Keall respectively 
fs 


Because the composition of the oxide st the oxide/gis interfcre is 


nearly constant over the temperature range for s fixed vi_ue Jt “AQ ) 
PA ,) 


and because the gradient of the vacaney concentration ucross the scale, 


during parabolic oxidation, 13 constant, the activation energies given 
eee , 20 
above represent, acccrding to Birchenall, only the energy for move- 
% F , | ae Pees 
ment, AH of the iron ions through the wustite lattice. Hauffe has 


shown that the mobility of the electrons 1s about 10° faster than the 


rate of diffusion of the 1rcn atoms, hence, their contribution to the 


activation energy for the rate-determining process shoiuld be negiigibiy 


small. 

Himmel, Mehl and Seared have obtained an activation energy 
of 29.7 Keal tor the self-diffusion of Fe?” 
position (76.00 wt % Fe). The self-diffusion of iron in wistite con- 


taining 76.20 wt % Fe has also been measured by Carter and Richardscn 


and they report an activation energy of 30.2 Kea. For the cxideé¢ier 


a 


ne : Pale 1 
cf pure iron where wustite was the only oxide formed, Engeli and 
ee ye ary y, 
Pettit have obtained activation energies of 30.5 and 31.’ Keal, re- 
spectively. These activation energies represent the enthelpy of mowve- 
ment of the iron ions thrcugh the wustite lattice. 
Hewever, for the oxidation experiments, even *Magh the “ce u- 
tration differen ze Yer.ss the scale remwins c°metenh, tne - seek: 


mf the wustite varies 1re™® that in equilibriw whth iene oe «in 


D 


in wustite of constant com- 


of 


© 
, 


. 





é~ 


equilibrium with the gas mixture. Hence the sctivation energy repre- 


sents an average value of the enthalpy of movement of ircn ion 


0) 
Oty 
ie: 
ce 
ty 
C 


the wustite scale of varying composition rather than thun st 4 single 
composition. 

(2) Pressure Dependence--The pressure dependence of the ~xida- 
tion rate of the 0.20 % Cr-Fe alloy at various temperatures from 800° 
to 1100°C is shown in Figure 25. In this figure the logarithm of = is 
plotted as a function of 2 Log (Pag [Pag « This, however, is equivelen* 
to a plot of log . versus tog Po, — in Equation (22) it was shown 
that Po. is proportional to (P¢9,/ Poo)” From Equation (35) we saw 
that for the oxidation of iron to wistite, where complete dissociation 
of the electron holes and vacancies was assumed, = is proportional to 
on where n = 1/6. For the oxidation of this chromium-doped alloy in 


2 


c0,,/CO ratios of 1.00, 1.50, and 2.33 (Ni, = 0.500, 0.600 and 0.700) 


the value of n is seen to decrease from a value of 0.46 at 800°C to 0.23 
at 1100°C. The theoretical value of n = 1/6 was not observed for any of 
the oxidation experiments. Except for the oxidation experiments per- 
formed at 1lO00°C, the decrease in the value of n is consistent from 
800°C to 1100°C. This means that at the lower temperatures there 18 
apparently a considerable amount of association between the electron 
holes and the vacancies and as the amount of thermal energy is increased, 
the association decreases. Both pacherdeens* and Hear? have reported 
that there exists considerable association between the trivalent iron 
ions and the vacancies during the oxidation of iron. 


For the pressure dependence where n = 1,2, we can write the 


equation 
Zz re -) = 2 Fea? fe V ive G {é 
then 
ite ae 
Vee! * 1@] | 
: 7 | Ta) 
Po 
2 


and when Vine! = |Q@], 


@] = K/?. bf? (51) 
2 


and as shown by Equations (13), (14), and (35), a a pil? Similarly, 
2 


at 1100°C, one can postulate the oxidation reaction 


= + ‘ 
Fe + 1/2 0, FeO Ving * @ (51c) 
where, by the same argument, pal, In both of these equations the 
2 


iron i10n vacancy is assumed to be singly ionized rather than doubly 
aa 7 66 
jonized as writien in Equation (31). Moore ~ has written an equaticn 
Similar to Equation (5lce) tor the pressure dependence of the electrical 
conductivity of nickel oxide where he shows n = 1/4. 


s3 
In deriving Sah Pol in Equation (23), the assumption was mede 


2 
in Equation (28) that oe >> ve This is not true fer the formetion if 
wustite on iron fer, at 1090°U, wistite in equilibraum with yron oon- 


tains nearly 5 per cent vucancies and neariy 12 per cent :f the 


FeO/Fe.0 phase boundary. Hence, 4 %ne-sixth pressure dependence sn@..a 
oes 





not be observed necessarily for the ox\iaticn 


Ly 


la¥l- Combo ct iy, 
and the values of n shown in Figure 25 probably represent an aceurate 
pressure dependence for the paraboiir oxidation rates. 

When the oxidation of a metal is carried cut under the 71- 
ditions of constant oxygen partial pressure, over 4 range of temrpere- 
ture, the activation energy should include the enthalpy of ft.rmation 


of ionic and electronic defects, AH,, in addition to the enthaipy of 


il 


movement, AH This results because the composition of the oxide at 


ale 


the oxide/gas interface does not remain constant as the temperature is 
changed. An example of the change 1n the composition of wustite with 
— Slee 
temperature at a constant oxygen partial pressure of 6.83 x 10 atm. 

is shown in Figure &. Because wistite exists at constant oxygen pres- 
sure over only a very small range of temperature, oxidation experiments 
were not performed under these conditions. However, it is still pos- 


sible to obtain the values of AH. by using Equation (35) where it was 


shown that 


L/6 [ ee : 
K - A PG EXP oo sit) (34) 


Since K has been »Ltained as a functivn of oxygen parwia! 
Pp 


; b Ee SB 
pressure (Figure 25), and if we use the average dependence ~f Pp > 
A 
we can write 
Caviar : ) 
: ; 1/3 | f 2Ail, \ | 
oy — A CAP I= \ 1 AH i Ri a2 
p “OU ee 
. - . 7 + ¥ . f. / ! 3) r cee} Se ah a » =) sabe = Gas ol 1 
and a plot «f the logurithm of (h_ Po? versis reciproes. ctemperst .re 





should yield an activatgén etergy which \seludes AH, end 4H . “Suer z 


i =e 
Ailel 
plot is shown in Figure 26 where the activeatiun energies age +o ), 


are equal to -23.9, -25.9, and -20.4 Keal ficr the oxidation of the 


0.20 % Cr-Fe alloy im the 50,6Upeand 7O vol @ CO.-CO mixtures, re- 


2 


spectively. By substituting the values of ae cotained earlier ints 
the above expression, we get the enthalpy of formation of the ionic 


and electronic defects in wustite, CH,, to equal -67.2, -63.2, and 


f 7 
-69.0 Keal, cr an average value of -66.5 Kceal. The enthalpy of forma- 


tion for the conditions stated above, ie., for a change in compositicn 
of the wiistite at the wlistite/gas interface with temperature, thus re- 
presents the partial molar enthalpy of mixing of oxygen in the wustite 


lattice, af fp 0? for the reaction 
2 


: + _ 
ne = Lye G,, Re | eG (om (53) 


It is also possibie to obtain the enthalpy of fcrmation from a 
determination of the deviation from stoichiometry over a range cf tem- 
peratures at constant. oxygen pressure. The measurements ure difficult 


8 : 
unless the deviations are large, h’ wever Darken and Gurry were able toa 


determine that AH .. Ste-03./ Keal Hor wustate., Other yvadues of AH for 

: _ Pee ba, 
reaction (53) are -28 Keal (Birchenall, eT Aa sl? Kral Weeufie ). 
a 68 


and -26.0 Keal (Pettit ). More has caiculated the theore’* cal 


value of AH. to be -56 Keal 


2. Oxidation ot tne 0.88 and i “2 ur-Fe Alleys--the xz:datls 


— 


* 5 * ‘? 4 ; 
of iron-chromium alloys cantaining ~) 88 and 1.7 wt @ chrmbin wes 





performed in a 6) veiz C8,-00 mixture ver the temperature rurge 
to 1100°C. Inder these emnditions X-r«y snalysis Indte:ted int 
wustite was the only oxide formed on the ''.88 % Cr-Fe alivy. However, 
on the 1.70 wt%@ Cr-Fe alloy the scale formed exhibited two duyers, 
thick cuter layer of wustite and a thin inner Lsyer of spine! «und 
wustite. After the specimen was completely oxidized, as shown in the 
cross-section of Figure 19(d), 1t wis possible te seper:te tne two 
layers with a razor blade and sufficient material could be obtsined 
from the inner layer for X-ray analysis. During the oxidation reaction 
a non-equilibrium condition apparently existed where the spinel wes 
able to form, because after the cxide scale of a 1.70 % Cr-Fe ailoy 
was equilibrated at 1000°C in the gas mixture, for 120 hours, an X-ray 
powder pattern cf the inner scale showed only 2 very faint trace of 
the existence of ilron-chromium spinel. Conductivity measurements, 
which will be discussed later, showed that !).67 wt% Cr is soluble in 
FeO above about 860°C (formed by the oxidation of 0.88 % Cr-Fe metal), 
and 1.30 wt% Cr is soluble in FeO above about 925°C (formed by the 
oxidation of 1.70 % Cr-Fe metal). 
a. Linear Kinetics 

The temperature dependence of the linear rate of vuxidation wu: 
the 0.88 4 and the 1.70 % Cr-Fe ilcy 1s shown in Figure 27. For com- 
parison, the linesr rate ~f oxidation of pure iron is als. shfwn. 1% 
ls seen that the additivun of chromium “Buses £ decreasetfia the rate 


4 


I the phase-bourdary reBction, The Ietivatinn energves ““dhelned i 


these twc regions sare given in Wable Vi. A discuszit¢n and wmeyese 








of these results is given in Part. G &f thi& sectian. 
b. Parabolic Kinetics 

The temperature dependence of the paratwlie rate Of oxidat wan 
of the 0.88 % Cr-Fe alloy in a 60 vol% C0, -CO mixture is &hewn #r 
Figure 28. With exception of the snomely at lOO? and at 195U°C, the 
rate of oxidation of this alloy is more rapid than that of pure iron, 
Of three oxidation experiments carried out at 1090°C only one wes 
faster than that of pure iron and near the expected value shown by the 
curve drawn by the method of least squares. The other two rates a* 
1000°C were actually slower than the rate of oxidation of the same 
alloy at 960°C. Likewise, the rate of oxidation of two specimens at 
1050°C was slower than the expected value. A possible reason for this 
deviation is discussed later. 

The rate of parabolic oxidation of the iron~chromium alloy con- 
taining 1.70 % chromium is shcwn in Figure 29, and it is seen that at 
every temperature studied, the rate of cxidation of this alloy is more 
rapid than that of pure iron. Of significance is the fact that no 
deviation or break in the rate of oxidation as a function of tempera- 
ture was observed during the cxidation of this alloy. This fact will 
be important in tne later discussion of the occurrence of the deviation 
observed at about 1O00°C in the oxidation of the more dilute Fe-Cr 
alloys. 

The activation energies cilculauted from the least squares curves 
for the oxidation of the 0.88 # Cr and 1.70 % Cr-Fe alloys «re 35.2 


and 35.4 Keal, respectively, while that for pure iron under the sume 





conditions is 33.0 Keat. Since under these oxidizing contii+ Lows the 
activation energy represents essentially only the enthalpy of mouvement 
of the metal ions across the oxide scale, 1% is possible tc .nfer that 
the rate controlling step of the parabolic oxidation cf these alloys 
is diffusion of the metal ions through the cuter wistite layer. 

There is perhaps a small contribution to the activation energy as 2 
result of the formation of 4a small amount of spinel in the wiistite 


Seale. 


3. Oxidation of the 5.70 2 Cr-Fe Alloy--Oxidation experiments 


were carried out on a 5.70 wt®@ Cr-Fe alloy in 4 60 vol% CO,-CO gas 


2 
Miexvure- sy -c50°, 9OUe, 100°, 1050" end 1100°C. Beth the anivial 
linear and subsequent parabciic regions were observed. The oxide 
scale formed was two-layered, as shown in Figure 19(e), where the 
outer layer was identified as wustite and the inner layer was iron- 
chromium spinel. Figure 30 shows the oxide scale on the alloy 
substrate where, again, both layers are visible. 

The temperature dependence of the linear rate is shown pictted 
in Figure 31. The rate is seen to be slightly slower than the linear 
rate of oxidation of the 0.88 % Ur-Fe alloy which is aiso shown tor 
comparison. This trend toward a decrease in the linear rate with in- 
creased chromium content in the allcy is similar to that shewr in 
Figure 27 for the linear rates of czidation of the 0.20 and C.8&8 % 
Cr-Fe alloys. 

The temperature dependence «f the puirgbolic oxtdstitn rate tor 


this alloy is shown 1n Figures 29 and 33. Again tne riye  «eid<hine 





of' this @lloy 1s seen t@ be fweter thew that puere grin gn Mhe Saux 
CO, -CO mixtures and considerably faster than tne rote 6! Mxidsiaen of 
all of the iron-chromium alloys which were oxid.zed in wero cree Tn 
activation energy for oxidation of this alloy et essenvinlly crmastent 
composition is 31.5 Keal which again indicates that diffusion of +he 


metal ions through the wiistite scale tc the oxide/gzs interface is 


the rate determining step of the oxidation resctior. 


4. Oxidation of the 7.55 and 18.21 % Gr-Fe Alloys-~An iron- 
chromium allcy containing 7.55 wt®% Cr and a Type 430 commercizi stain- 
less steel containing 18.21 % Cr were oxidized in a 60 vol% cO,,-CO 
mixture. From the cross-sections shcwn in Figure 19(f) and (g), it 
1s seen that an outer layer which was identified as wustite is formed 
over a thick inner layer of spinei. 

Both alloys oxidized according to an initial linear rate and a 
subsequent parabolic rate, as shown in Figure 18 for the 7.55 % Cr-Fe 
alloy, and in Figures 17 and 32 for the 18.21 % Cr-Fe alloy. The 
values of the rate constants cbtained at the various temperatures are 
given in Table V. The temperature dependence of the linear rate con- 
stants for these alloys is shown in Figure 31. the linear rate «Yr 
oxidation of the 7.55 % Cr-Fe alloy was slower than that of the C.28 
% Cr-Fe alloy, which is also shown for comparison, and nearly the sme 
as the 5.70 % CreFe alloy. The rblte of cxidrtitn f the 18.21 @ Ur-Fe 
alloy is seen to be ccnsidersbly slower. 


The temperature dependence @f the pmarabeiic rate of N_d#&unn 





is shown in Figures”"29 and 39 Per tthe 7°55 7 “Creme Qlley cad i FM gur- 
33 for the 18.21 % Cr-Fe alloy. keth slleys Oxidized «t + rete blower 
than that for pure iron but the 7.55 % Cr-Fe «lloy still wxidized at 

a rate considerably faster than ail ct the Fe-Cr slloys studied by 


40 


Birchenall et al™ in pure oxygen. at high temperatures the 18.21 % 


Cr-Fe alloy oxidizes in a CO,~CO mixture at a rate about comparsble 


2 
to those for the 0.20, 2.00 and 4.35 # Cr-Fe slloys in 0, but somewhst 
slower at the lower temperatures. However, in the C0, -CO mixture the 


rate of oxidation is seen to be much faster than the rate of oxidation 
of the 8.97 @ Cr-Fe alloy in oxygen. Ratios of the rate constants for 
the oxidation of Fe-Cr alloys in a 60 vol% CO,~CO mixture to those in 
pure oxygen are shown in [table VII1 for experiments conducted at the 
same temperatures on alloys of nearly the same chromium content. 

The activation energy for the oxidation of the 7.55 % Cr-Fe 
alloy is 33.2 Keai. ‘This value is nearly the same as that found for 
pure iron and fer the alloys which contained less chromium. However. 
the activation energy for the parabclic oxidation of the 18.21 % Cr-Fe 
alloy is 91.8 Keal which 1s near the value of 119.5 Keal which was 
calculated from the rate of oxidation cf the 8.97 % Cr-Fe slloy in 


Ae 
oxygen after Birchenall et el.” 


5. The Transition from Linear to Parabolic hinetics--vuring 








the oxidation cf the iron-chromium alloys in COQ,-CO mixtures, there is 


e, 
a critical oxide thickness at which the diffusion of the metal ions 


through the scale luyer becomes rate determining, and, sucsequent-y, 


parabolic exidation kinetics are cbserved. As mentipned in chetqyon 





m6 


1i-4, this transformation actually occurs over a small range in thick- 
ness. In Equation (37c) this thickness was shown to be dependent upon 
the linear and parabolic rates of oxidation. The oxide thicknesses 
(as em/cm~) at which the observed rate was no longer linear, at which 
the observed rate became parabolic, and the average of these two 
values are listed in Table IX for all of the alloys studied. For com- 
in Equa- 


L 


tion (37c) is also listed. The agreement is seen to be quite good. 


parison, the calculated transition thickness given as K 2 K 


From Equation (38c) the transition thickness was shown to be 
temperature dependent and to be a function of the differences between 
the activation energies for linear and parabolic oxidation. The tem- 
perature dependence of the transition thicknesses for the 0.20% Cr-Fe 


alloy in the different CO.-CO mixtures is shown in Figure 34 and cor- 


e 
responding plots for the 0.88, and 1.70, and 5.70, 7.55 and 18.21 % 
Cr-Fe alloys are presented in Figures 35 and 36. The transition 
thicknesses for pure iron are also shown, and in every instance but 
one, the iron-chromium alloys oxidized linearly to a greater oxide 
thickness than did pure iron. This would be expected since it has been 
seen that for the low chromium alloys studied, the linear rate is 
slower and the parabolic rate is for the most part, faster than that 
for pure iron. 

The deviation in the transition thickness in the vicinity of 
950° - 1000°C would be expected also since a large change in the acti- 


vation energies for linear oxidation was observed at about this tempera- 


ture. The differences between the activation energies for parabolic 





nr 


and linear oxidatjon, «nd gppreximete vilues “ktéined firom the urvec 
of Log (Am/A), vs. L/T are listed in Tarie X. Agreement tetweern 
these values is, however, not particularly gudd, «nd oniy « ~rend 


can be inferred, 


6. Discussion and Analysis 
ae Linear Kinetics 

It has been shcwn that the rate determining step during the 
linear oxidation of iron-chromium alloys is due to @ phase boundary 
reaction at the wistite/gas interface. This rate of oxidation also 
has been shown to be a linear function of the mole fraction of 00, on 


CO, -CO mixtures for values of Nao greater than the value in equili- 
2 
brium with iron and wustite at a given temperature. This necessarily 


means, therefore, that the rate controlling reaction must be the ed- 


sorption and/or dissociation of CO. into CO and oxygen atoms or ions. 


Ai 
It should be possible to deduce the probable mechanism becéuse et eny 


one time only one of the following reactions should be rate- 


eon trolling. 


CO, (gas) = 00, (adsorted) (544 
CO, (ads.) = CO (ads.) + 1/2 U5 (ads. ) eel 
12 0. (ads.) + 2© = O (ads.) (56) 
O- “(ads.) + oe = 3Pe °° + O> + ee Ua 


Baeliger=e in a study af the mechanism ot the Linewr Wxzidatliem 
of iron in pure CO, observed « break in the Arrhenius plot :n the 
vicinity of 920°C. He obtained an activation energy of 28.8 Keal for 
the low temperature region, and since this value is close to that for 
vacancy diffusion, he concludes that this is equivalent t° vacancy 
formation in the vicinity of an adsorbed oxygen ion, hence he sttri- 
butes the rate controlling step, below 920°C, to be the incorporetion 
of oxygen into wiistite as given by Fquation (57) above. This is in- 
correct because the enthalpy of vacancy diffusion, AH is not the same 


as the enthalpy of formation of a vacancy, AH in Equation (52), and 


fp? 
the two values represent the enthalpies for two entirely different 
processes. For the activation energy above 920°C, Smeltzer obtained 

a value of 50.5 Keal which is considerably larger than the value of 30 
Keal found for vacancy diffusion. Since the dissociation energy of C0, 
in reaction (55) is 67.6 Keal, he concludes that the rate controlling 
process for linear oxidation above 920°C is the dissociation of carbon 
dioxide and incorporation & chemisorbed oxygen into wustite. 

The basic premise of the rate of linear oxidation controlied by 
the rate cf chemisorption of the gases on wustite of different orien- 
tations on a and y-Fe was originally proposed by Hautfe and Preiffer.~“ 
Pao has disputed this reaction mechanism, and the one of Smeltzer, 
and he has proposed that the change in the activation energy of the 
process is dependent upon the slope of the Fe-FeOQ phase bound«ry «s < 


function of temperature. At any given temperature, the compos:tien 2»: 


the wustite is that in equilibrium with irwn, and he proposes th" 





abceve about 00°C where the oxide compesjtiun dves nut vary Lesrescelb.y 
with temperature, the activation energy involves <nty the hes: cc dis- 


sociation of CO,, while belcw 900°C, where the wiistzte campmsitepn 


2? 
changes rapidly with temperature, the activaticn energy for the prccess 
is the sum of the enthalpy of defect formation and the energy of dis- 
sociation of CO,. During the linear oxidation of pure ircn (99.999 

+ ~ Fe). Pettit obtained an activation energy of about 52 Keal ubove 
923°C, and about 26 Kceal belcw this temperature. He attributes the 
difference between these two values (-26 Keal) to the energy of 
formation of a vacancy plus two holes according to reaction (57). 

The mechanism suggested by Pettit for the rate controlling 
reaction during Linear oxidation of iron belcw about 909°C is also not 
acceptable for several reasons. If the activation energy cbtained for 
this range of temperatures includes an enthalpy of formation term, 
than oxidation experiments performed as a function of temperature, under 
conditions where diffusion of iron is rate-controlling across a wustite 
layer which is held at constant composition at the wistite/gas inter- 
face, would also yield an activation energy composed of both AH and 
AH terms. All experiments on the oxidation of pure iron and iron 
alloys under these conditions yield only AH the enthalpy of move- 
ment of the iron ions, and no AH, term. Also, it 1s believed that the 


t 
value of -26 Keal does not represent the sctual waiue cf 4h,, the en- 
thalpy of formation of reaction (57). The value cf OH hes ceer founa, 


in the present werk, to be -66.5 Kcal. in agreement with that o1 


Darken and Gurry. 
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published, but should net vury appreciahly from the eueve vaives. 
The average experimental value of 26 Keal for the low temperature 
region fits nicely within this range. Although, st the moment, litte 
can be said about the effect of the different orientations of wuUstite 
on a and y-Fe on the heat of adsorption and degree of coverage of the 
gases on the oxide surface, the possible effects of this variable 
cannot be eliminated. 
be Parabolic Kinetics 

In C0,,-CO mixtures, the rates of oxidation of Fe-Cr alloys con- 
taining 0.20, 0.88, 1.70 and 5.70 wt.% Cr have been shown to be faster 
than that of pure iron under the same conditions. In these gas mix- 
tures wustite is the only stable iron oxide, and the rate controlling 
step during the oxidation of these alloys is the diffusion of metal 
ions through this chromium-doped wiistite layer. From Equation (15) it 
is seen that the incorporation of chromium leads to an increased cation 
vacancy concentration, hence the rate of oxidation is increased until 
a new oxide phase is formed in sufficient quantity such that the rate 
of diffusion across this new phase cecomes rate determining. 

Under conditions where the activation energy represents only the 
enthalpy of movement of the metal ions through the wustite layer, this 
value has been found to be about 22 Keal, somewhat less than the 29.7 


~ 


and 30.2 Keal reported for the self-diffusion of Fee through wustite, 


pers 


and the 33 Kceal obtained for the oxidaticn of pure iron under the 


e Aa Z ” ai b 
same conditions. This decrease in the value »f AH appestrs tc re- 


mM 


flect the effect of the increase in the vicancy concentrs*iim caused 





by the soluble chromium, and is is ugreement with the pred! stivns of 
Birchenall et al,’ but not with their measurements, where they coserved 
the opposite trend. A decrease in AH with an increase in the vacancy 
concentration has also been found in the present work on the messure- 
ments of the chemical diffusion coefficient of vacancies in wustite. 
The deviation in the Arrhenius plot at about 1000°C which was 
observed for the oxidation of the 0.20% Cr-Fe alloy in the gas mix- 
tures where oo, was equal to 0.500 and 0.600, and for the 0.88% Cr-Fe 
alloy in "co, = 0.600 appears to be an anomaly inasmuch as it was not 
observed in the Arrhenius plots for the oxidation of any of the other 
alloys under the various experimental conditions. A number of investi- 
gators have observed similar changes in the temperature dependence of 
the rate of oxidation of both relatively pure metals and alloys. 
Gulbransen and heehee observed an increase in the activation energy 
at 950°C for the oxidation of chromium, and they conclude that at this 
temperature the rate of evaporation of Cr from the metal exceeds the 
rate of diffusion, and the metal vapor can penetrate through the film 
and enhance the normal oxidation process. Similar mechanisms were 
postulated to account for deviations observed during the oxidation of 


13 7h 


peace: Me and ailoys of Fe-Cr ~ and Ni-tr. It is doubtful that 


this mechanism can account for the changes cbserved in the present work 
because they were observed only on the alloys with the lowest chromium 
content where the vapor pressure of Cr wculd be extraordinarily low. 


- 


The presence cf impurity elements in iron have been shawn “¢ 


exhibit a marked effect upon the @xidpticn kinetics. jylecste has 





shown that foreign atoms im wlistite geuse =: decrease in its Whysticity 
and, consequently, tend ts reduce the adherence «t the ‘ron/wiistire 
76 77 ee . 
interface. Paidassi and Moreau have also shown that the impuri- 
ties tend to decrease the adherence of wiistite by accumulating at the 
metal/oxide interface and increasing the stresses st this point. 

78 ane 
Peters and Engell ~ have shown that impurities which form oxides with 
higher free energies of formation than iron also reduce the adherence 
of wustite on iron. An occurrence of this type is believed to be the 
cause of the change in rate shown in Figure 28 where the loss of ad- 
herence could impede the transfer of metal ions from the metal into 
the wustite lattice. 


Foley’? 


has observed a deviation in the activation energy in 
the range 800° - 900°C during the oxidation of Fe-Ni alloys in oxygen- 
nitrogen-water vapor gas mixtures, and he has interpreted the results 
in terms of changes in the physical condition of the oxide filn. 
Culprencen < has proposed also that a transformation in the oxide 
crystal structure was responsible for an observed change in rate during 
the oxidation of a Type 304 stainless steel in oxygen at 90.1 atm. pres- 
suree Such changes in the oxidation kinetics of the hign-chromium 
alloys as a function of temperature were not observed in the present 
study. 

A problem of practical importance cften observed during the 
oxidation of high-chromium stainless steels in oxygen-rich aimespneres 
is that of a "break-away" of the oxide and a suksequent scceleratian 


in the rate of oxidation until a new protective seule layer is formed. 
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oxidation of Fe-Cr alloys in  xygen Ly Eirchenali et ae wie Pound 


Cr,0., as an Outer layer on sll of the sceles, and also as an inner 
layer on most. The intermediate layer was an iron-chromium spinel. 
The oxide product on Fe-Cr alloys containing greater than about 13% 


Cr has been found, in nearly every study, to be only Cr Thus 


23° 
under conditions where an excess supply of oxygen is available, the 
chromium apparently is selectively oxidized to form Cr50., and since 
diffusion through this layer is about 10+! slower than through wustite, 
the subsequent oxidation kinetics are much slower. Only in the in- 
itial few minutes of the oxidation reaction did Hirchensll find that 

the rates of oxidation of the Fe-Cr alloys were faster than that of 

pure iron. This would seem to indicate, however, that wiistite was 
present initially. 

Based on the above observations, Birchenall thus concluded that 
the functions of Cr during the oxidation of Fe-Cr alloys in oxygen-rich 
atmospheres is to reduce the rate of growth of the wustite phase by de- 
creasing its range of stability, and if enough Cr is present. to elimi- 
nate wustite as an oxide product. Obviously, this is not true for 
Fe-Cr alloys oxidized in C0,,-CO mixtures where the partial pressures 
of oxygen are those in equilibrium with the wustite phase. From lattice 
parameter measurements, oxide equilibration, and electrical conductivity 
data in the present study, it has been observed that as much as 1.30 
wt.% Cr dissolved in wistite dves not appreciably change the limits of 


“ a 81 ee . 
the wustite phase. Fujii and Meussner ” have oxidized 1 series .1 


° ° 2 ~~ oe : NG “3 7 
Fe-Cr alloys in a gas mixture of 90 vol.% argon - 1% water vipor 
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700°, 900° and 110U°C. Under these conditions, magnetite is stable 
and formed as an outer layer, nevertheless, they also found that 
wustite existed as a major product on the alloys containing up to 
oer. 

Thus when Fe-Cr alloys are oxidized under very low partial 
pressures of oxygen where a phase boundary process is the rate-con- 
trolling reaction, it appears that wistite is formed initially and 


that the chromium is not selectively oxidized to Cr For chromium 


2°3° 
contents in the alloy which are greater than the amounts soluble in 
wustite, the excess Cr partitions into the spinel phase which exists 
at the oxide/alloy interface in accordance with the Fe-Cr-0 phase 
diagram and the oxidation potential diagram in Figure 4. This condi- 
tion is seen to exist for the Fe-Cr alloys containing as much as 7.55 
wt.% Cr. During the oxidation of the 18.21% Cr-Fe alloy, a layer be- 
lieved to be Cr,0.. formed at the oxide/alloy interface, however, the 


ae: 


equilibrated oxide (Figure 19) shows no evidence of a Cr,0, phase. 
Apparently during the oxidation process a non-equilibrium condition 
exists which permits the formation of this inner phase by an accumula- 
tion of chromium in this region. It is doubtful that this enrichment 
could be caused by a depletion of chromium in the alloy because of the 
rapid rate of oxidation and because the rate of diffusion of Cr and Fe 
in Fe-Cr alloys is nearly the nee Birenenetl has pointed out 
that the studies of Yearin et a indicate that the iron ions diitfuse 


more rapidly than the chromium in spinel approaching the composition 


FeCr.0.. This would leave a concentration of chromium ions in the 


ad 





oxide layer near the alloy interface, and thus result in the observed 
layer of ee a 

In Figure 37 the rates of parabolic oxidation of Fe-Cr alloys 
as a function of chromium content in a 60 vol% CO,,-CO mixture, as de- 
termined in the present study, are compared to the rates obtained by 


AQ 


Birchenall et al for the oxidation of similar alloys in pure oxygen. 

The ratios of the parabolic rate constants are shown also in Table 

VIII, and from these two presentations of data, it is seen that the 

rate of parabolic oxidation of Fe-Cr alloys is considerably faster in 

a C0.,-CO mixture than in pure oxygen. 

c. The Mechanism of Oxidation of the Alloys when a Multilayered Scale 
is Formed. 

When chromium-doped wustite is the only oxide formed, the mecha- 
nism is relatively straight-forward in that the wustite forms by the 
outward movement of metal ions and electrons. In most cases, the oxide 
is sufficiently plastic to maintain an adherent contact with the re- 
ceding metal interface. 

The formation of the two-layered oxide involves a more compli- 
cated mechanism which must be able to explain the formation of the 
porous inner spinel while diffusion across the wustite is still rate 
controlling. A 0.005 inch platinum wire which was placed on the origi- 
nal surface of the alloy has been found to be located at the interface 
between the wiustite and the spinel layers. See Figure 30. This is in 
agreement with the observations of Fujii and Meussner, and also with 
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Rahmel who studied the scale formation on Fe-V, Fe-Cr, Fe-Si, and 





“ 





Fe-Mo alloys oxidized in oxygen at 1wwu°C, 

On the basis of the positions of the Pt murkers, there must be 
preferred oxygen diffusion in the spinel phase and only iron ion dif- 
fusion through the wustite layer. The diffusion of oxygen ions over 
lattice defects in wuistite can be excluded since all experimental 
evidence shows only diffusion of iron ions in wuistite during oxi- 
dation. A high rate of diffusion of oxygen ions through the spinel 
lattice is also very improbable. Maak and ieencis for the cxidation 
of Cu-Be alloys, observed a similar scale structure, and they con- 
cluded that the dense outer layer dissociated into gaseous oxygen and 
metal ions at the inner surface. Likewise, one sees that the outer 
layer of wustite, in the present study, is dense and gas-tight, there- 
fore, the gaseous oxygen must arise from a dissociation of the wustite 
at the inner surface. The freed iron ions and electrons are able to 
diffuse, as the rate controlling step, through the wustite to the 
oxide/gas surface. The gaseous oxygen is able either to react with 
cations at the outer surface of the spinel or to "diffuse" through the 
porous spinel to the alloy interface and react at that point. This 
dissociation of wistite also accounts for the pores observed at the 
spinel/wiistite interface. 

In order for wustite to be observed as a final product in the 
outer surface oxide scale, and for the rate of oxidation to be deter- 
mined by the diffusion through the wustite lattice, the rate of trans- 
port of the iron and chromium ions across the spinel layer must 


necessarily be more rapid than the dissociation of the wustite and 
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the diffusion of these cations tnrdwgh the wusttte. It Ls rwtner 
uncertain how this occurs since the buik diffus’ on Of eucions threugn 
spinel is normally much slower than through wustite. 

The position of the platinum marker protubly does not indicate 
the position of the original metal interface, however, because the 
spinel layer should increase in thickness by formation at both the 
metal and wustite interfaces. Thus the position of original metal 
interface would lie at some point within the spinel layer. 

This mechanism is in agreement with those suggested in the 
other studies on the oxidation of Fe-cr alloys mentioned above, and 


it appears to be consistent with the results cf the present study. 


B, X-Ray Analysis of Pure and Doped Wustite 

The results of the lattice parameter measurements for both pure 
wistite, prepared from zone-refined iron (99.999+% Fe), and wustite 
doped with 0.67 wt.% chromium, prepared by the oxidation of 0.88 wt.% 
Cr-Fe alloy, are shown in Figure 38. Also shcewn for comparison are the 
values of o obtained by Jette and oe and the approximate values of 
om from the works of Willis and Rooksby?~ and Benard The measured 
values of the lattice parameters for the pure wustite in the present 
study are in excellent agreement with those of Jette and Foote. 

The range of composition over which littice parameters were 
measured was extended to the phase limits of the wustite field at iD2°°° 


8 
as determined by Darken and Gurry. [These phase boundaries und these 


determined by Jette and Foote are indicated in Figure 38 by irrows. 


AO 


The value of a has been found tu decrease from 4.3110 A at tne Fe-FeO 
phase boundary to 4.2817 A near the Fe0-Fe,0, boundary. These values 
are listed in Table XI. 

The values cf a for the most oxygen rich wistite deviate from 
the indicated straight-line trend, and are larger than expected bte- 
cause of the precipitation i eee magnetite which occurs during 
cooling, regardless of the rate of quenching. When this magnetite 


forms, it does so at the expense of the oxygen content in the wistite, 


according to the reaction 


AFeQ = fe,¥, 5 a cir (58) 


and the remaining wustite actually has a higher iron content than 
that given by the composition. Jette and Foote, in their attempt to 
define the limits of the wuistite phase field, found that when wistite 
was quenched directly from temperature into a mercury bath, the rate 
was still too slow to prevent the precipitation of magnetite. 

The wustite which was in equilibrium with iron was formed as a 
thin layer on an ircn coupon, and then the reaction was stopped while 
still in the linear range. The C0, -CO mixture was adjusted to a re- 
ducing potential and the reaction continued until small nuclei cf iron 
were formed on the wistite surface. The values of o. for wistite near 
the Fe-FeO boundary are smaller than expected, and this, again, is 
probably caused by an insufficient rate of quench where in this case, 


iron is precipitated from the wustite lattice. Hence, these values 


of a probably indicate the composition of wustite which is equilibrium 





with iron at a temperature below LOU". From Figure 8 it is seen 


that the Fe-FeO phase boundary occur 


tA 


a= m larger oxygen content at 
the lower temperatures. In order tv avoid these problems of precipi- 
tation of iron and magnetite, measurements of the parameter of 
wustite should be carried out at temperature while in equilibriun 
with the various CO0,,-CO mixtures. Measurements of this type have 
not been reported for any metal-oxygen systems. 

A number of compositions of wistite which were equilivrated at 
SOT in CO0,.-CO mixtures in the present study are shown in Figure 
39. The crosses indicate the limits of the wistite phase field at 
1000°G as determined by Darken and Gurry. Agreement between these two 
studies 1s seen to be very good. Alisv shown in Figure 39 are the equi- 
librium compositions of wiistite specimens which contain 0.67 wt.% Cr. 
It is seen that under the same conditicns of temperature and equili- 
brating atmosphere, the chromium-doped samples contain sa greater weight 
percentage of oxygen than do the pure wustite specimens. This indi- 
cates that the effect of the addition of chromium into the wustite 
lattice is to cause an increase in the vacancy concentration and 2 
corresponding increase in the fractional oxygen content. From the data 
shipwn in Figure 39 and listed in Table Xl, it is seen that the addition 
of 0.67 wt.% Cr causes an increase of about 0.13 wt.% in oxygen content 
over that of pure wiistite. This is eguivalent to C.69% more sites ex~ 
isting as vacancies on the cation lattice. The width of the wistite 
field is seen not to be appreciabl, afferted by the addition cf chromium. 


Shown also in Figure 36 sre the whites m the lattade ;@rameiers 


a 





as a function #¥f exygen content Por the wustite doped with ':.6% wt.% 
chromium. ‘these values “f @ are “#nsidernbLiy smaller (ati@at @.T06 A) 
than the corresponding values for pure wustite v1 the same compczsition 
(wt.»% oxygen) which also indicates that the chromium addition causes 
an increase in the number of vacancies, and a corresponding decrease 
ali a. similar to the effect of increased oxygen content of about 9.25 
wt.% oxygen. From this data 1t would “uppear that about 1.3% more of 
the cation sites exist as vacancies. 

Based on Equation (15) for the formation of one additional 
vacancy for the addition of every two chromium ions into the wustite 
lattice, one would expect that the wiistite containing 90.67 wt.% Cr 
would exhibit an increase of about 0.47% in the number of cation 
sites existing as vacancies over that of pure wustite having the same 
oxygen composition. jJhis value is relatively close to that obtained 
from the equilibration data, however, the effect observed is greater 
in both cases than that expected. 

It. can be concluded that the effect cf the incorpcration of 
soluble chromium into the wistite lattice is to cause a corresponding 
increase in the vacancy concentration. As seen in the last section on 
the exidation of 1ron containing less than 6 percent chromium, this 
effect is manifested as an increase 1n the rate %f oxidation under 
conditions where the rate-controlling step is the diffusion or metal 


ions through the chromium doped wustite layer. 





C. ihe Electrical condst@(sy ivy at Rory syd Oeped Wicrils 
In an effort to determire further -h@ Biiec> Vi = “ety Ew) Ge 
on the defect structure cf wustite and @f ré@lte *-he Pate -z noite oWFe- 


centration to the linear kinetic ®oserved wher orin andes ren hr 
alloys are cxidized in 60-00 fees tures, electrical condicL. view Seueeir o- 
ments have been performed 2n mire wistite, und Wistite dceced with 7.67 
and 1.30 wt. chromium. ihe duped visite was prepsred ty *~he cxidation 
of iron alloys containing J.88 and 1.70 wt. chromium. 

From the increase in the rate of oxidation of the low-chromiur. 
alloys over that of pure ircn, and trum tne decrease in the lattice pars- 
meter of the dcped wustite as zompared tc pure wustite of the same compo- 
sition, it has been seen that the effect of scluble chromium in the 
wustite lattice 1s to cause the formation of additional vatancies on the 
cation lattice. Acccrding to Equaticr (16) any increase in the vacancy 
concentration shcuid case a corresponding decrease in the electron hele 
concentration, and hence, a decrease in the electricas conductivity for 
experiments carried cut or wistite at ary given temperature and “xygen 
partial pressure. in the present sv.dy. "he ist .te dered with ..6’ 


wt.% Cr exhibited very Little cshinge i: ‘he electrics. condi caivaty fron 


ry 


that of pure wistite. however, *+he samese doped withys.%' wtop Vr sh-wed 


a small. but detinite, decree. 


ie Pressure Lependen c=: b+ depemdetee 1 the clasctrise.. v8 
ductivity: o, of pure wis*ite, “nd wustite G jled with chien, son Bie 


equilibrium partial cressure @i Wixygen at !.\mPPl +s shawn 1 Fagere 2. 
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Also shown are the two vaiues »f conductivity whicn Wegener saa Koen 
obtained on pressed samples of FeO at lLOOO°C. Ihe deshed line zizndi- 
cates the one-sixth dependence as predicted by Equetion (40) for 
measurements made at constant temperature. It 1s seen that the con- 
ductivity measurements obtained in the present work follow approxi- 
mately the ideal pressure dependence of the mass action law. This is 

in agreement with Smyth’ and Hauffe © who have reported the 1/6 pressure 
dependence for the formation of vacancies and electron holes in wustite. 


From the values of Wagner and Koch“ (go = 107 and 205 ohm em™+ at 


Be. we) 


Po = 3.8 x 10 ~~ and 1.4 x 10 ~ atm., respectively) the pressure de- 


2 
pendence of o is seen to be actually 1/5.5 and not 1/8 as they report. 
The values of 6 at 1000°C for wustite in equilibrium with various partial 
pressures of oxygen are listed in Table All. 


There is no apparent effect of chromium on the pressure dependence. 


This is expected from the reaction 


++ + 


Fe" + 20r'"" + 1/2 0, = 200 (ne) + Fe + Vp + 2 (59) 


(Fe F 


where the effect cf soluble chromium is to cause the formation of ad- 
ditional-ionic and electronic defects, but, according to the same 1/6 


pressure dependence. 


= i 
2. Temperature Dependence--From Equation (39) it was seen that 
when conductivity measurements are obtained as :: function of tempera- 
ture for wuistite of a constant ccmposition, the pevtivation energy 


represents the enthalpy of movement cf the electron holes, ame: throug: 





the wustite :attice. Such measurement’ fiave bewn perturmed .n speci- 
mens of pure FeO, FeO + 0.67 wt.% Cr, and on FeO + 1.30 wt.% Cr where 
the nominal oxygen/metal ratio is 1.06U. The results of these measure- 
ments are listed in Table XIII and are shown in Figures 41 and 42 where 
log o has been plotted versus reciprocal temperature. The values of 
AHO obtained from the slopes of these curves are 1.842 + 0.009 Keal 
for the pure wustite, 1.939 + 0.003 Keal for the FeO + 0.67 wt.% Cr, 
and 2.201 + 0.003 Keal for the FeO + 1.30 wt.% Cr. The small increase 
in the values of AH @ is probably caused by the fact that the hole is 
more tightly bound to the ae than to the fe 

Pannneueer? in a recent study of the resistance of wustite and 
magnetite obtained an activation energy of 1.543 Kceal for the resist- 
ance of wistite of constant ccmposition as a function of temperature. 
Raver o also has reported a value of Ate = 2 Keal. 

From these same measurements of ccnductivity at constant compo- 
sition as a function of temperature, it has been possible also to de- 
termine certain solubility limits of chromium in wustite. The values 
of conductivity shown in Figure 42 represent. roth the value measured 
immediately after cooiing from the next higher temperature and the 
value of conductivity after 24 hours. At the higher temperatures, 
there was no change in conductivity with time, hcwever, as tne tempers- 
ture was decreased, a point wus reached where iron~chrcmium spinel 
began tc precipitate as a second phase in the wustite, and this caused 
the increase in the values of conductivity. At temperatures farther 


below this solubility limit, the change in conductivity 1s seen ti be 
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quite marked. To confirm that this effep’ qaws weused cy the firmeticn 
of precipitated spinel, the samplq of FeO + 1.3 wt.% Cr was converted 
completely to spinel by oxidizing it in pure “0,0 Ar, 9Oy°C, tne con- 
ductivity increased from 105.5 ohm ae a when the chromium was soluble 
in wustite, to 244.6 ohm” *em™* after the sample was completely con- 
verted to spinel. Thus, on the basis «of the conductivity measure- 
ments shown in Figure 42, it can be concluded that 0.67 wt.% Cr is 
soluble in wustite above about 860°C, and 1.30 wt.% Cr is soluble in 
wustite above about 925°C. 

Farlier it was seen that the enthalpy of formation of the ionic 
and electronic defects in wustite could be obtained from oxidation ex- 
periments under oxidizing conditions where the oxygen pressure is held 
constant, or where the rate constant was known as a function of the 
oxygen partial pressure. Similar results can be obtained from conduc- 
tivity studies where according to Equation (41), 


Ai. 


1/6 = ae 3 MO er (41) 


oc = B Po exp 
Z 





AH ,. 
ie * | 
Thus one can cbhtain the quantity “I~ - ane as the activation energy 


from a plot of Log 6 versus 1/1 at a constant oxygen pressure, or trom 4 
2 Pg f 1/6 as ae ee : aN AG = a 5 r 
plot of tog (5/Pp ) versus i/T at a constant CC./CO ratio. nduciiv- 


2 
e 
ity measurements obtained by the tirst method are listed in Tut.e ALV 


and shown plotted in Figure 43 for 4 constan! Po > 6.83 x 1" * acm. 
AH. . Z 
where a al AH gy) = -20,7 + O.Y Keal for the pure wustide and -a.4 


+ 0.2 Keal for wistite duped with | 3% wt 4 Cr. Figure 44 shows ‘og 


a 





‘7 


Z 


mixture where Nag = 0 46" The values cf 6 mecssured by this method 
e 
are listed in Table XV. The activation energy obtained from *his 


(6/p9/°) pletted versus J/? far pure wUsaite ned —nm « conspay CO.-CO 
Ps 


curve is equal to -20.4 - 0 2 Keal, nearly the same as that from Fig- 

ure 43, thus confirming that the two methods are «qiivalent, By this 

second method, the activation energy for the formation of defects and 

the movement of the holes is found to be -20.6 + 0.1 Keal and -20.5 + 

O.4 Keal for FeO + 0.67 wt.% Cr and FeO + 1.30 wt.% Cr, respectively. 
By subtracting the enthalpies of movement of the electron 


holes obtained from Figures 4l and 42 from the activation energies, 
AH % 
(== + Ho)? obtained from Figures 43 and 44, we get AH 


formation of one vacancy and two electron holes for the reaction 


e? enthalpy of 


fe + 1/2 0. '= Pele Vo + 2G) (60) 
Pa Fe 


The value of AH, thus represents the partial molar enthalpy of mixing 


f 


© o¢ ° ° —_ Ti 
of one mole of oxygen into the wustite lattice = AH » the average 


2 
of the values obtained by the two methods are -66.6, 61.6, and -07.9 
Keal for pure wiistite, FeO + 0.67 wt.% Cr, and FeO + 1.30 wt. Cr, 
respectively. ‘Thus, while the enthalpy of movement cf the electron 
holes increases slightly with the addition of soluble chromium into 
the wustite lattice, the enthalpy of formation of the defects appears 
to be relatively unchanged. As a summary, these values of AH and 
An, are listed in Table XV1L. 

These values of AH. obtained from the electrical! conductivity 


studies agree quite closely to the average value >! An = -66 4° Koel 





ja 


cbtained in the earlier section «cee the Beidatzin SF theme 
eon am 
Cr-Fe alloys, and to the vaiue ob AN. - -63.7 Mae! of Darvas and 
eu 
a2 


fs) ee 
Gurry for wustite. 


3. Comparison with Linear Uxidation--While the sdditisaau ct 167 





wt.% Cr appeared to have little effect on the measured value of e.ec- 
trical conductivity, the addition of 1.30 wt.% Cr caused a definite de- 
crease in the measured value. From Equation (6) it was seen that at any 
given temperature, LO] : ve | = K, thus the observed decrease in the 
concentration of holes should lead tc a corresponding increase in the 
number of electrons. As emphasized in Section ILI-Al, it would be ex- 
pected that the increased electron concentration in the chromium-doped 
wustite would cause an acceleration in the phase boundary reaction if 
reaction (56) were rate controlling. The fact that this increase in 
electron concentration apparently does exist, and that the linear rate 
of oxidation of the alloys decreases, rather than increases, with added 
chromium content, adds further confirmation that the rate controlling 


reactions are ones of adsorption and disscciaticn of CO,, reactions (54) 


2 
and (55), rather than reactions (56) and (57) where a transfer of 


charges and the incorporation cf oxygen icns into the wustite sattice 


VECuUT Ss. 


D, Diffusion Coefficients trom the Reductiun and Oxidation sr Wustite 


neauction VRIGstion wT 








1. Pure Wiistit.ee--After the ir. ¢pecimen nad creen cm ietely 
converted tu wustite, the U0, CO mixture was ad usted st that the 


wiustite could be equilibrated at tne desired initiagi “orpysi* ey 27 Fe 





temperaturelef the specific reduction Gr ex data ruc “# fe carried 
wer. For all reduction experimeits, she eee) commcel i Ine a wee 


A 


wustite was 21.37.24 oxyeem (oryecai denn ree 1.25). Proms 


Oo 


initial O/Fe value, the reduction exneriments were conducted, as 
function ci temcrerature in incrememygs of 2° 0 frome +> eee, Ee 
final equilibrium C/Fe ratios of 1.1% (22.86 wt.% cxygen), 1.775 
(23.55 wt.% oxygen', and to = 657 (23.13 wt.% oxygenj,; Figure 2 snows 
the relative positions o- these vaiues of constant comocsition in re- 
lation to the coundaries oF the wistite field. When these credetermi 
*nitial and final comrositions sre used, the difference in concentre- 
tion is constant regardiess oF tne temnerature st wnich the exreri- 
ments are performed. 

The weight of tre wiistite semple squilitreted at O/Fe = 1.125 
was 1.206283 erm = OGD em. and after reducticn exceriments to C/Fe 
ratios of 1.135 1.£75 and 1,250 tie decresses in Weight were 0.0018 
em , 2301324 gem: and [Me om., rescecti_ve 
were recroducitle tewitain 2 14%, 2:7%, and 2.752%, rescectively, over 


ine ~emeerature ranze Stewmged “cr <a the reducwemm exe@eriren™s and 


Tor to6@ oxide ion exmeri nets G@ecr we Tne _n-tlal ccmmeei Uae 

he Oxig@etec- eyeerezens were carrtet ci, Simely as ne re- 
ecu: ticrstion of the redn=ten exmer meats, L.e., fr6r initial Cf'Fe 
Vee wes 2f (go; Ile (aie = Sine) Samide we ie -b1 C’re 
= €.i125. 

it S8eGld ce reste Sei eae ONE be Xe  2et8® OY. Sw 


used in these exrertteae t= =— BWB®” the deci ee = are ae AL saF# 


ye hese changes in weight 





are those calculated from the work of Darken and Gurry, the acters 
Wustite compositions obtained for these ideal O/Fe ratios, as deter- 
mined in this study are O/Fe = 1.1254 (24.38 Wt.% 0), 1.101 (23.198 
wt.% 0), 1.074 (23.53 wt.% O) and 1.052 (23.15 wt.% 0). This close 
comparison should suffice te confirm the accuracy of the work of 
Darken and Gurry and the results obtained with the equipment used 

in This Ssiuldy. 

Examples of the type of rate curves obtained for the reduction 
of wiistite from an O/Fe ratio of 1.125 to 1.050 as a function of tem- 
perature are shown in Figure 45. The rate curves are shown plotted 
as a negative change in weight per unit area of the original metal 
specimen versus time. During the initiai stages of the reduction and 
oxidation processes, l.e., from the time t = 0, until the process was 
about 30 percent completed, the kinetics obeyed the parabolic law. 
This is illustrated by plotting the values of (Am/A)~ versus time as 
shown in Figures 46 to 48. The values of = for the oxidation and re-~ 
duction of wistite are listed in Table XVII. Since the initial and 
final concentrations are fixed (AA and BB in Figure 10), the kinetics 
represent the steady-state diffusion between these two different con- 
centrations. By plotting the logarithm of versus reciprocal tem- 
perature, one can obtain the activation energy for diffusion between 
these concentration limits as shown in Figure 49. The activation 
energies obtained from the slopes of these curves are’ given in ‘able 
XVIII, 


In arriving at the solutron of Fick's law for the concen Jrsticn 





gradient in a thin slab exposed on both sides, Equation (43), mgne mist 
make several assumptions which are (1) the validity of Fick's law of 
diffusion, (2) the diffusion coefficient is constant during tne reduc- 
tion or oxidation experiment, (3) the wistite sample is of a uniform 
composition at the start of an experiment, (4) the diffusing element 
does not precipitate or take part in any phase change, (5) the cations 
are the only mobile species and diffusion is normal to the surface 
plane, and (6) the "excess concentration" falls essentially to zero at 
the surface at the start of the reduction or oxidation process. This 
last assumption is equivalent to saying that the diffusion of the 
cations is the rate controlling step rather than any phase boundary 


process, such as the adsorption of CO and/or desorption of CO. during 


2 
a reduction experiment. 

Figure 50 shows Equation (46) plotted as -log (1 - Q) versus 
Dt/a* where the quantity (1 - Q) represents the fractional saturation 
or fractional completion of the diffusion process. The quantity ey 
contains the independent variables (diffusivity x time/length squared) 
and is dimensionless. Ncrmally D is given in the literature in 
om." /s6e- The theoreticat vaiues of @ and Dt/a” presented in Figure 
5O0 were taken from a table given by omen If the above assumpticns 
are valid, experimental data obtained under conditions where diffusicn 
is the rate controlling process will indicate a similar relation be- 
tween (1 - Am/Aw) and time, t. 

Curves for the experimentally obtained values of og (1 ~ Am/Lw) 


as a function of time are shown as Figures 51, 52 and 53 for the 





reduction of pure wustite from U/Fe = 1.125 ta 1.05Q, 1.75 and 2B.iba, 
Figure 54 shows the experimental curves of ~»og (1 - Am/Lw) versus 7 
for the oxidation of wlistite from un initisl composition of O/Fe = 
1,050 to a final equilibrium value of 1.125. I1t is seen that these 
curves are very similar in appearance to the theoretical curve in 
Figure 50, and it may be concluded that the above assumptions and, 
hence, Equation (46) are valid for the reduction and oxidation of s 
wustite slab. By measuring the slopes of these curves and by knowing 
the half-thickness, a, of the wustite sample, one can obtain the value 
of D, the chemical diffusion coefficient of iron in wustite, across 
these different concentration gradients as a function of temperature. 
The values of D obtained under these different conditions are listed 
in Table XVII. 

A second method of obtaining the activation energies for dif- 
fusion across these different concentration limits is afforded by 
plotting the logarithm of D as a function of reciprocal temperature 
as shown in Figure 55. These activation energies for diffusion also 


ore listed im lanle AVLIL. 


20 Chromium-Doped Wustite--The oxidation and reduction ex- 
periments of pure wistite were performed in order that diffusion 
coefficients could be obtained, and to which diffusion coefficients 
obtained under the same sedans but on doped wustite, could be 
compared. One of the assumptions used in Equation (40) was that the 


diffusing element does not precipitate er take purt  n tnyv phase 





iy 


Lae) 


change. Thus if a specimen of iron doped with chromium is oxidized 
completely to wustite, and if the solid sclubility limit of chromium 
in wustite is not exceeded, comparable diffusion coefficients can be 
obtained from reduction and oxidation kinetics carried out under the 
same experimental conditions. The diffusion coefficients obtained 
from wiistite doped with 0.67 wt.% chromium (formed from a specimen 
of 0.88 wt.% Cr-Fe) are listed in Table XVII and are shown plotted 
as tog D versus reciprocal temperature in Figure 56. It is seen that 
in every instance the diffusion coefficients of the chromium-doped 
wustite are lower than those obtained for the pure wiistite sample. 
It might at first be suspected that the slower rate of diffusion 
could be due to the formation of a small amount of iron-chromium 


9,90 


spinel as a second phase. A number of investigators have shown 
that the rate of self-diffusion of iron through the various spinels 
is about a factor of 10? slower than through wistite. However, X-ray 
diffraction pattems of these chromium-doped wustites show no evi- 
dence of a spinel phase, and the conductivity measurements on these 


same oxides have shown that a sclid sclution of chromium in wistite 


exists above about 860°C. See Figure 42. 


3. Discussion cf the Results--According to all experimental 








observations, iron ion vacancies exist in the wustite iattice, and the 
material transpcrt which is necessary during the reduction or oxidation 
of wustite occurs in the form of diffusion of iron ions and etectrcns 


via these vacancies and electron holes. The gradient vr the vacancy 





concentration can be considered, therefore, 4s tne essenti«l driving 
force for the material transport through the wustite lattice. Cince 
the mobjlity of the holes is approximately a factor of 107 greater 
than that of the eaueieen it is proposed that the vacancy trans- 
port is essentially the rate determining step for the total reaction, 
and the measured values of D are the diffusion coefficients of the 
vacancies across the various concentration gradients. It is seen in 
Figure 55 that as one reduces to a wustite composition which is more 
oxygen-rich (increased vacancy concentration) the value of D decreases, 
which is in direct contrast to the values of Dire of Birchenall et Paty 


which were found to increase in wustite of increasing vacancy concen- 


30 


tration. However, Engell has calculated the values of D. in wustite 


of 
aN 


F 


found that at 800°C the value of D- decreases with increasing vacancy 


from the experimental values of D of Birchenall et al, and he has 
concentration; at 897° and 983°C there was no concentration dependence. 

Since the movement of a vacancy from one cation lattice site to 
an adjacent cation ion lattice site is dependent upon this adjacent 
site being occupied by an iron ion, it is easy to visualize that if the 
number of vacant sites were increased, the migration of any one vacancy 
would be impeded. Hence as the concentration of vacancies is increased, 
the diffusion coefficient of the vacancies decreases, as has been oc- 
served experimentally. 

This will account alsc for the decrease in D observed for tne 
chromium-doped wiistite samples. When a small amount of chromium is 


dissolved into the wlistite lattice, one can write the defect equation 





\ 
KA 


3Fe + Cr_0 (6i) 


: 
+ 
a3 a 


Fe) 


where OF (me) is a trivalent chromium ion on an iron ag’ite, and a is 
an additional vacant cation site. From an A-ray study on these same 
chromium-doped wustites, it has been determined that there is an in- 
crease of about 1.3% in the number of cation lattice sites which 
exist as vacancies. This is equivalent to an increase of about 25% 
over the vacancy concentration in pure wustite with an oxygen/iron 
ratio of 1.050. Thus, under the same experimental conditions, one 
would expect the value of D to be correspondingly less for the dif- 
fusion of the vacancies in the doped wustite as compared to the pure 
wustiter 

The values of D obtained in the present study from the reduc- 
tion and oxidation kinetics of wlistite are about a factor of 10 to 20 


times faster than the values of D- in wustite at the same temperatures. 


Fe 
If, as suggested, the rate controlling step of the reaction is the dif- 
fusion of vacancies, the above fact can be rationalized by considering 
that for a vacancy to move, there must be an iron on a neighboring 
cation site, and vice versa. Since the number of cations as nearest 
neighbors to a vacancy is greater than the reverse condition, the va- 
cancy is afforded the greater probability for migration. Brebrick, 

as well as Weonee have shown that the ratio of the chemical diffusion 
coefficient to the self-diffusion coefficient is proportional to 1/N 


where N = the mole fraction of vacancies. For wustite this ratio is 
Vv 


very nearly to x/(1 - x) where the value cf x is given in the formula 





Fe 0 for wistite. At 1U00°C this ratio is 20.85 at the Fe-FeO phase 


boundary and 7.14 at the Pe0-Fe,0 boundary. 


The ratios of D, obtained in the present work, to D 


% 


Fe’ 
work of Birchenall et al, are listed in Table XIX for 900° and 1000°C. 


from the 


The oxygen to iron ratio at which the comparison is made represents the 
final equilibrated composition of wustite after a reduction experiment 
from the initial O/Fe ratio of 1.125, in the case of the measured value 
of D, and it represents the single composition of wustite at which the 
value of Pe was obtained. The numbers in parentheses are the values of 
x/(1 =x) for Fe 0 having the given oxygen-to-iron ratios. While there 
is deviation from the ideal value, it is obvious that the rate of dif- 
fusion of the vacancies across a concentration gradient occurs consid- 
erably faster than the rate of self-diffusion of iron, and the ratio of 
these rates can be correlated with the existing vacancy concentrations 
im the Jaucice. 

The activation energy for the diffusion of a vacancy should be 
the same as that for the diffusion of an iron ion, and the activation 
energies obtained from the curves in Figures 55 and 56 and in Figure 
49 are comparable to those reported from the measurements of self-dif- 
fusion of iron in wustite and to those obtained for the oxidation of 
iron and iron-chromium alloys in CO0,,-CO mixtures under conditions where 


the activation energy represents only the enthalpy of movement of the 


atomic defects. 





V. DISCUSSION OF THE ERRORS 


A. The Oxidation Studies 

Because the gain in weight during the oxidation experiments in 
the present study was obtained as a continuous and automatic recording 
by the Ainsworth balance, the unpredictable human element of error was 
entirely eliminated. After every experiment for which the difference 
in the total weight gained between the weighings on the Mettler and 
Ainsworth balances exceeded 0.4 mg., the Ainsworth balance was re- 
adjusted against a standard 10 mg. weight which was provided with the 
balance. The average difference between the two weighings for the 
oxidation experiments was + 0.29 mg. No error in time was detected 
even for experiments which lasted in excess of 300 hours. 

Every precaution possible has been taken to minimize systematic 
errors. The cO,, and CO flowmeters have been calibrated to within 1 % 
and the gases have been cleaned. Calibrated thermocouples were used in 
every instance, and the temperature of the specimen was held at + B/ Fae 
of a constant value. 

It is not possible to determine the magnitude of the effect of 
systematic errors on the rate constants, however, these errors cannot 
affect the values of the enthalpies of movement and formation of the 
defects; i.e., the activation energies. The random errors in the acti- 
vation energies shown in the various tables represent the 80% confi- 
dence limits of the datas” This means that 80% of the time the 


limiting values of the activation energies so computed can be expected 


BEY 
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to include the true value. Before the values of these limits were 
calculated, two assumptions were made (1) the error in the temperat*ure 
is negligible and all of the random error is concentrated in the values 
of the rate constants, and (2) the random error in the values of the 
rate constants is independent of temperature. 

Because the reduction and oxidation experiments of the wiistite 
samples were performed also with the Ainsworth apparatus, the above 
discussion can be applicable to these studies. The reproducibility 
of the weight changes and the agreement with the work of Darken and 
Gurry was emphasized in Section IV-D. The limits placed on the values 
of the activation energies of diffusion in Table XVIII also represent 


the 80% confidence limits. 


B. X-Ray Studies 

The composition of the wiistite samples was determined as wt.% 
oxygen according to Equation (47). All of the initial and final 
weighings were performed on a Mettler Type H15 analytical balance 
which has an accuracy of + 0.05 mg. Hence the error in the composition 
of the wustite samples used in the present study should be no greater 
than + 0.02 wt.% oxygen. 

Because the systematic errors in a, the value of the lattice 
parameter calculated from each line on the Debye-Scherrer powder pat- 
tern, approachs zero as @ approaches 90°, these errors may be elimi- 
nated by the use of the proper extrapolation function. In the present 


work, the value of a for a given composition of wustite was obtained 
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by plotting a versus the Nelson-Reilly function, ( S55 t — y; » and 
extrapolating to 9 = 90°. The random errors in a also decrease as 9% in- 
creases because of the slow variation of sin 9 with § at large angles. 
Since it is not feasible to calculate the average of the standard de- 
viations of a. from the individual plots of a versus the Nelson-Reilly 
function, the random error has been determined from the deviations of 
O. from the straight-line portion of the curve in Figure 38. By making 
assumptions similar to the ones stated above, that the error in compo- 
sition is negligible and that all of the random error is concentrated 
in the values of as and that the random error in a is independent of 
composition, the standard deviation in the values of the lattice para- 


meters listed in Table XI is + 0.0007 A. The random error within the 


80% confidence limits is + 0.0004 A, 


C.. Conductivity Studies 

Except for the chromium-doped samples where the precipitation of 
lron-chromium spinel was observed, all of the values of conductivity rep- 
resent an average of no less than three readings obtained after the speci- 


men was in equilibrium with the specific CO,-CO gas mixture at temperature. 


Z 
Each measurement also represents the average of two readings obtained 
with forward and reverse current flow through the specimen. The dif- 
ference between these two values of o was less than 1.5%. The repro- 
ducibility of the values of 6 under given conditions was within 3% in the 


present work. The probable errors in the enthalpies of movement and 


formation of the defects in Table XVI represent 80% confidente limits. 





VI. SUMMARY AND CONCLUSIONS 


In carbon dioxide and carbon monoxide mixtures, under conditions 
where wustite is the only stable iron oxide, the rate of oxidation of 
Fe-Cr alloys containing 0.20, 0.88, 1.70, 5.70, 7.55, and 18.21 wt.% Cr 
is initially linear to a minimum oxide thickness of 5.4 x ore veneravd 
to a maximum oxide thickness of 7.7 x ieee cm. The rate controlling 
step of the linear oxidation has been shown to be a phase boundary 
reaction at the wistite/gas interface. Below about 950°C, the rate- 
determining process is believed to be the adsorption of CO, and above 
about 950°C, the reaction is believed to be the dissociation of ad- 
sorbed CO,, into CO and oxygen. At a critical oxide thickness, which is 
dependent upon temperature and chromium content in the wustite scale, 
the linear kinetics transform to parabolic kinetics where diffusion 
of the metal ions through the scale becomes slower than the rate of 
adsorption or dissociation of C0, on the surface. The parabolic oxida- 
tion kinetics of the Fe-Cr alloys containing 0.20, 0.88, 1.70 and 5.70 
wt.% Cr have been shown to occur at a maximum rate of 1.5 times faster 
than that of pure iron in C0,,-CO mixtures. This increase in the rate 
of oxidation occurs because the effect of soluble chromium in the 
wustite scale is to cause an increase in the equilibrium concentration 
of vacancies on the cation lattice which enhances diffusion of the 
metal ions via the vacancy mechanism. The increase in the vacancy con- 


centration with the addition of chromium in the wustite lattice has 


been confirmed from equilibrium composition determinations and from the 
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measured decrease in the lattice parameters of doped wustite over that 
of pure wustite. 
The rate of oxidation of Fe-Cr alloys containing 7.55 and 18.21 


wt.% Cr in CO,-CO mixtures, while slower than that of pure iron, is 


2 
considerably faster than the rate of oxidation of the comparable alloys 
in oxygen over the same temperature range. This occurs because the 
major portion of the scale consists of wuistite and an iron-chromium 
spinel, and the chromium is not selectively oxidized to chromic oxide 
(Cr0,). 

Under the same conditions of temperature and oxygen pressure, 
chromium-doped wustite has a slightly lower value of electrical conduc- 
tivity than that of pure wistite. From these measurements, it has also 
been determined that 0.67 wt.% Cr is soluble in wistite above about 
860°C and 1.30 wt.% Cr is soluble in wistite above about 925°C. The 
enthalpy of movement of an electron hole has been found to increase 
slightly with chromium content in wustite with a oxygen/metal ratio = 
1.060, where aH” = 1.842, 1.939, and 2.201 Keal, for pure wustite, 

FeO + 0.67 wt.% Cr, and FeO + 1.30 wt.% Cr, respectively, while the en- 
thalpy of formation of a vacancy and two electron holes has been observed 
to be -67.4 Keal and independent of the chromium concentration in the 
wuistite. This value of AH, is in very good agreement with the value of 


a 
OH = -66.5 Keal obtained from the oxidation studies on the 0.20% Cr-Fe 
alloy. 


From reduction and oxidation experiments on slabs of pure and 


chromium-doped wiistite, it has been possible to obtain values of the 
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chemical diffusion coefficients of vacancies, which are the values of 
D for the propagation of a concentration gradient through a sample. 
These values of D are considerably faster than the values of the self- 
diffusion coefficients of iron in wustite, and they are found to de- 
crease with increasing vacancy concentration. This has been observed 
also in identical reduction and oxidation experiments on pure wustite 


and wistite containing 0.67 wt.% of soluble chromium. 
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TABLE I 


Parabolic rate constants for the oxidation of iron and chromium in 
pure oxygen at various temperatures. 


Temperature oD (Cr)* (Fe)** 
(20) (gm*/om*-sec) (om*/em-sec) K (cr) /K, (Fe) 
700 8.22 x 10° 6.00 x 1077 ue ae 10° 
800 605% 40 pie 10 eee er 
900 3.20 x 10°? ee alc 1.19 x 107° 
1000 4.93 x 107 1.00 x 10* FES ao. te! 
1100 5.28 x 10 2 0 a 10° 2161 % 107 


* Reference 70 


x Reterence 2. 





TABLE II 
Analyses of the zone-melted, high-purity electrolytic iron used in the 
present study** 


The amounts are given as parts per million 
(1 ppm equals 0.0001 atomic per cent) 


Aluminum 15 Manganese eel 
Antimony < 5 ND* Molybdenum Spay) 
Arsenic < 5 ND Nickel 20 
Beryllium ae Nitrogen aa 
Boron — Oxygen 17 
Cadmium <> ND Phosphorus 9 
Calcium <10 ND Silicon 10 
Carbon <10 Sulfur 2 
Chromium 2 11 < 5 ND 
Cobalt 2 Titanium < 1 ND 
Copper i Tungsten > ND 
Hydrogen O53 Vanadium < 1 ND 
Lead < 1 ND Zine <10 ND 
Magnesium <> Zirconium < 1 ND 


* ND means not detected. Detection limits are given. 


** The high purity iron and this analysis was kindly furnished by the 
Battelle Memorial Institute. 





TABLE IIT 


Analyses of Matthey spectrographically standardized chromium.” 


The amounts are given as parts per million 
(1 ppm equals 0.0001 atomic per cent) 


Element Estimated Quantity Present 
Silicon 3 

Copper <i. 
Magnesium al 


The following elements were specifically sought but not detected. 
Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Co, Cs, Fe, Ga, Ge, Hf, 
me, in, Foy bs on, Mo, Na, Ne. Na Os, F, Po word, 2o, hh, Re, hu, 


Se Se omen a vols. Las es ia doo ae Nae ois 


TABLE IV 
Typical analyses of the gases 


A. Carbon dioxide (CO,) » "Bone Dry" Grade 
99.95% cO,, 


.05% nitrogen and oxygen 


B. Carbon monoxide (CO), C. P. Grade 
99.5 volume % CO 
200 p.p.m. carbon dioxide 
20 pepem. Oxygen 


75 pepem. nitrogen 


* As provided by Johnson, Matthey and Co., Ltd. 





TABLE V 


Experimental values of the linear and parabolic rate constants for the 
oxidation of various iron-chromium alloys in CO5-CO gas mixtures over 
the temperature range 800°-1100°C. 


Experiment Alloy Temperature N "Ly "P 
No. (wtie% Or) (ee) ee (on/én~-sec) (om~/cm*-sec) 
36 0.20 1100 0.500 1.84x107 6.58 x 107” 
37 0.20 1050 055009) 6219>x Tome 3.18 x Ter’ 
38 0220 1000 0.500 1.08 x 107° 9.23 x tor 
39 0.20 960 Pee UneLOe se es escort 
40 0.20 880 0.500 3.26 x 107! Ae as 107° 
ral O22) 850 Oe 500 ta 2.ee. x io 3.15 x ioe 
52 0.20 800 0.500 1.32x10°' 2.18 x Megs 
28 C220 1100 0,600 992.26 x 10° oes. io 
27 ery-10) 1050 0.600 1.13 x Ton? ourde es kom. 
26 0.20 1000 1P(c\0 Omen Boys a> < 107° eo om 
22 0.20 960 0.600 8.77 x 107! gs 2 a om 
23 0.20 925 7000 eo ion Ueosoome ta 
25 0.20 925 0.600 6.13%10 5.76 x los 
30 0.20 880 0 56/0 alsa < 107° bale x io 
By 0.20 850 0.600 3.82x10° 4.97 x 10° 
29 C26 800 0,600 2.09 x 107! 3.20 x tere 
oe 0.20 1100 0.700 3.12 x 10°? 6.37 x oe 
By, ©.20 1050 GP /0)¢ ee yoy ae 10°? 3.16 x hea 


39 0.20 1000 Oe 700 — 2525 10 2,91 x tom 





Experiment 


No. 


De 
60 
ok 
Le 
51 

e) 

d, 
10 


14 


16 


20 


Alloy 
(wt.% Cr) 


Temperature 


(°C) 


960 
eo 
880 
850 
800 
1100 
LO5© 
1050 
1000 
1000 
LOOQO 
960 
722 
880 
850 
800 
1100 
1050 
1000 
960 
92) 


850 


N 


TABLE V - Continued (2) 





Experiment 


No. 


oy, 
47 
se, 
46 
oe, 
Df 
18 
D4 
43 
p18) 
58 
Ad 
56 
AL 
i) 


Alloy 
(qt. o Cr) 


70 
mye) 
me) 
wre 
210 
210 
oe) 
055 
ob) 
op. 
02) 
rae 
eral 
sal 


eal 


TABLE V - Continued (3) 


Temperature 


(°C) 


800 
1100 
1050 
1000 

900 

850 
1100 
1050 
1000 

900 

850 
1100 
1050 
1000 


JO00 


L 


K 


Pp 


(gm/om”-sec) (i eee 


bP ee 


EGS 
Zeal 
1.40 
Oe 
Bus 
3.16 
2.68 
dee 
erie 
2.64 
DLs 
2039 


ee 


x 


mee se on 
Gao ox ion 
Be ble re mie 
Pe le. io 
7.89 x 107° 
4.22 x 10% 
2520 x es 
leo 107! 
7 ioe erg 
Deol oa 
Nae Fee Toe 
3.38 x es 
150s 107° 
Loe nO 
1.32 4 10-7 


* 





TABLE VI 


Experimental results obtained from the Arrhenius curves for the linear 
oxidation of Fe-Cr alloys in carbon dioxide-carbon monoxide mixtures. 


Noo Pre-exponential Activation Energy 
Alloy 2 term (Keal-°K/mole) (Keal/mole) 
0.20% Cr-Fe 0.500 
(800°-960°C) ely meh eee 27.1 + 0.6 
(960°-1100°C) 1.23 x 107 98 + 14 
0.20% Cr-Fe 0.600 
(800°-960°C) 7.20 x 107 ee a a 
(960°-1100°C) 5.34 x 10° 88.0 + 1.8 
0.20% Cr-Fe 0.700 
(800°-1000°C) 8.03 x 107* 26.5 + 1.8 
(1000°-1100°C) 9.01 x 10? Olt 5 
0.88% Cr-Fe 0.600 
(800° -925°C) 6.49 x 107° 21.8 + 2.2 
(960° -1100°C) 0.282 Vy ae Pa 
1.70% Cr-Fe 0.600 
(800°-925°C) 3.37 x 10° 27.0 + 0.5 


(960° -1100°C) 0.168 





TABLE VII 


Experimental results obtained from the Arrhenius curves for the 
parabolic oxidation of Fe-Cr alloys in carbon dioxide-carbon monoxide 
mixtures. 


Noo Pre-exponential Activation Energy 
Alloy 2 term (Keal-°K/mole) (Keal/mole) 

0.20% Cr-Fe 0.500 

(800°-1000°C) eee al oa 20.9 + 1.3 
0.20% Cr-Fe 0.600 

(800°=1000°C) Cae ee 19.6 + 2.6 
0.20% Cr-Fe 0.700 

(800°-1100°C) Se to 25.6 + 2.7 
0.88% Cr-Fe 0.600 

(800°-1100°C) Se 35.2 + 2.1 
1.70% Cr-Fe 0.600 

(800° -1100°C) 27 10 35.4 4 2.5 
5.70% Cr-Fe 0.600 

(850°-1100°C) Be ear lies ake ee 
7.55% Cr-Fe 0.600 

(850°-1100°C) 387 10 ~ 33.2 + 1.6 
18 421% Grete 0.600 


(850°-1100°C) 6.98 x 10 91.8 + 5.1 





TABLE VIII 


Rates of oxidation of Fe-Cr alloys in a 60 vol.% cO,-CO gas mixture and 
in pure oxygen at 900° and 1000°C. 


' 
QO’, Oss 


K_) =i 
60 vol.% CO,,-CO Pure Oxygen”™ : “CO,” 02600 
Alloy K Alloy K K_) 

(wt.% Cr) (gn? /em ee) (Wie Cr) (om?/on!-sec) ° 05 
900°C 

0.20 700 ees 0.20 6.10 x 10°~ 37 

0.88 700 40 2.00 ce ota 109 

1.70 ee aoe 2.00 6.43 x 107°" 100 

ple, TRO oe Ome NES 5 Soy or bees 

foe os oe Vous 8.97 eos 0 nee ae 618 
1000°C 

0.20 ieomeserio ” 0.20 2.71 x 107? 71 

0.88 2.29 x 107! 2.00 4.85 x 107” 47 

1.70 Oe le 2.00 Looe 107? 46 

10 2k 2 10 eS Ue ae or 17 

7.55 Tee 10° 3.97 Tee eee = 1000 


* Reference 40 





TABLE 1X 


Transition thicknesses (Am/A), obtained for the oxidation of various 
iron-chromium alloys in CO0,,-CO gas mixtures over the temperature range 
800°=-1100°C. 


No longer Became Average 
: linear Parabolic Thickness 
Experi- Temper- y a . K 
ment ature = x 10 as x LO 5 x 10 s7- 
(No.) (°C) cm cm cm [ 
0.20% Cr-Fe, Nig = 0.500% 
Z 
36 1100 17,0 856 498 179 
ae 1050 120 675 eas 257 
38 1000 2/0 658 161, 427 
by, 960 Eby i 724 450 661 
40 880 721 570 646 673 
rel 850 560 Si2 686 709 
2 S00 762 804 783 826 
0.20% Cr-Fe, Nao. = 0.600* 
Ps 
28 1100 120 839 L'79 222 
ef 1050 190 715 452 370 
26 1000 306 635 470 448 
Q2 960 785 72) fie nt fox 
22 G20 Bile 300 24,5 oee 
30 880 500 806 653 620 
a4 850 565 S01 683 651 


Pay, 800 p28 ie. aul 766 


— 





TABLE IX - Continued (2) 


No longer Became Average 
ieee Temoer- linear Parabolic Thickness x 
ment ature a5 x 10“ = x 10% =; x 10% oa 
(No. ) (°C) em em em IE 
0.20% Cr-Fe, Nig = 0.700% 
2 
oe, 1100 70 690 380 Ney 
oe 1050 330 456 372 349 
32 1000 550 834 692 64,7 
32 960 450 894 672 L418 
pal 880 506 816 611 630 
L2 850 spl 725 617 660 
pa 800 500 689 pi be, 65> 
0.88% Cr-Fe, Neo = 0.600* 
2 
5 1100 4,80 527 504 509 
4 1050 220 320 325 6 
iy 1000 190 ZA. Pals, 507 
13 960 oe gs: iI 144 sy 
Geo 628 686 657 635 
7 880 340 D2 433 4,05 
8 850 260 566 i143 aed 
i 800 656 620 638 619 
1.70% Cr-Fe, Nao = 0.600* 
a 
a, nes 1) 730 oe 692 687 
ala LO50 oe 1023 oe A (peak 
2 1000 480 L439 1,60 45) 
21 960 986 849 of IIL 
16 re, 1110 850 980 1025 


18 ihe.8 910 djxk 7.85 831 


— 


road hf 


ary ot, ay AO 4G ee |) or 


A OE NS 


Tse tot 33 1% 
tra a dens 
Pg > 

\ - ! ( ol) 





J pation 0S ol 


TABLE 1X = GContanued (3) 


No longer Became Average 
Experi- Temper- linear Parabolic Thickness y 
ment ature a x 10“ a x 10% or at 10“ a 
(No.) (°C) cm om om ii 
20 850 985 806 896 894 
59 800 838 894 866 750 
5.70% Cr-Fe, "c0,, = 0.600 
“7 1100 420 fasal 586 632 
56, 1050 700 Tie 43D 124 
46 1000 oie iid, 828 825 
oe 900 286 798 he 612 
1 850 522 586 554 645 
7.55% Cr-Fe, Nv. = 0.600 
2 
48 1100 180 3h9 265 273 
oye 1050 140 Pig eae Pi | 
43 1000 las 344 257 pais 
50 900 310 364 Bom 360 
58 850 tte, 263 216 294 
18.21% Cr-Fe, Neo. = Q.600 
2 
Lg 1100 318 316 enes: O24 
oC 1050 Zp 288 272 314 
Ld 1000 71 64 68 fa 


* To get the approximate scale thickness (cm), multiply (am/A), x lo * 


(gm/om*) , ame se 


— 





TABLE X 


Experimental values obtained from the oxidation of iron-chromium alloys 
in CO,-CO mixtures used to test the validity of Equation (38c). 


2 
7 (EE) AR” 
Alloy N (Keal/mole) (Keal/mole) 
(wt.% cr) °°2 (800°-960°C)(960°-1100°c) — (800°-960°C) (960° -1109°C) 
0720 0.500 b.2 vale ema 17. 
0.20 0.600 236 68. =V0 92 ae 
0.20 0.700 0.9 o>. = 1.8 aT 
0.88 0.600 - 13.4 ae - 21. 18. 
0 0,600 = Bd. 9.8 ey220 6.2 
5.70 0.600 = 6.0 - 9.0 ine 


“i Yrom Pignures 37 35 end 36. 


7? 





TABLE XI 


Values of the lattice parameters (a) of pure wistite and wistite con- 
taining 0.67 wt.% chromium of varios compositions which were equili- 
brated in CO,,—CO mixtures at 1lOQO°C and quenched to room temperature. 


Pure Wuistite Wiistite + 0.67 wt.% Cr 
Specimen N Composition a, Composition a4 
(No.) se (wt.% oxygen) (A) (wt.% oxygen) (A) 
aks 52 PES, Ao 3 ew * 1,.3069 
12 2270 Pee ke are nO 
HA 292 eoele - 
1X-10 e200 Oomed ria (00 lhe, 
Pa | ~ 330 220 - 
1 0345 Pde as, 443086 
1X-2 ae 18, 23257 Leese 
i) 368 23.33 4.3066 
9 ~ 380 2342) 4.63053 
1X-1 700 2% Ou. Leelee 
28 «400 23.44 = 
18 £40 Ee Pe: 423005 
24 0450 23500 = 
25 0450 22890 = 
1X-6 2500 Coat! - 
2 e200 eoele dope te 
1X-8 5 10198 23.80 - 
26 2300 2 07 prewar pe all 
11 Me ae 23500 Weeg re 
1 00 oe bie 
iD 000 Phe ie ®, - 


16 .600 PaO gy i,e2804 





TABLE XI 


Values of the lattice parameters (a) of pure wustite and wustite con- 
taining 0.67 wt.% chromium of various compositions which were equili- 


brated in C0,,-CO mixtures at 1000°C and quenched to room temperature. 


Pure Wtistite Wiistite + 0.67 wt.% Cr 
Specimen Composition a Composition a 
(No.) er (wt.% oxygen) (hy (wt.% oxygen) (i) 
as ss Zoee7 ee walk ©) He 4, «3069 
te 2200 25410 ie oll 
dA 2292 Zoe ~ 
1X-10 3200 Zagat 4.23013 
27 2330 Pe Pee — 
i 2345 Pie Pe: 4.3086 
1X-2 350 se) 4.2958 
7 368 25630 J, 3066 
9 360 20622 Ae ee: 
1X-1 ~ 400 Peasy © eek? 
28 24,00 23.44 = 
18 wd 25509 ee 18) 05 
24 0450 22.50 ~ 
esp) 0450 Pie io: = 
1X-6 m3 88, Pie wed se _ 
2 90C ee re Lee g oe 
1X-& e200 23.80 - 
26 2500 23.09 dee DL 
11 52> 23.80 42938 
Le 0590 Poe de 4.62903 
als: ~600 Pie ole. ~ 


16 .600 ea ee | L.<2S0L, 





TABLE XI - Continued (2) 


Pure Wiistite Wistite + 0.67 wt.% Cr 
Specimen Composition a Composition a 
(No.) CO, (wt.% oxygen) i) (wt.% oxygen) (3) 
1X-5 . 600 Pisa? 4.2897 
1X-9 600 py epiel - 
20 ~650 207 - 
7 667 Zhan Weeoke 
IX-4 2 (00 Zhet 0 Aa 
22 ar ae eiewe - 
21 - 130 24 e32 - 
: oth3 2130 Le2oeo 
1X-7 « (50 24.54 = 
10 ~105 2445 pon 
D efor Als OL, ier dovete: 
23 195 2heok = 
1X-3 800 26.041 - 
8 ~820 Pinot 1, 62896 
6 Roe al Zhe ot ees 


* The oxide was equilibrated with the metal. 


t The composition is within the magnetite phase field. 


TABLE XII 


Values of electrical conductivity of pure and doped witistite at LOOOPC 


at various partial pressures of oxygen in CO, -CO mixtures. 


“cos c0,,/C0 ial 5 (ohm tom!) 
A. Pure Wiistite 
0.300 0.429 1.46 x 107)? 105.7 
Ocon 0.528 2.21 x 107? lepine 
0.200 0.667 3.53 x 10°? 138.7 
0.207 0,863 5.91 x 107 15652 
0.531 1.13 cra oe Oia 175.9 
0.600 1.50 7s ee oe 197.7 
0.700 ZPSS hie 107 229.9 
0.750 3.00 beeen Ge Pe eal 
B. Wtistite + 0.67 wt.% Cr 
0.347 0.528 7 123.5 
0.467 0.863 zo 160.9 
Ossi 1.13 : 184.5 
0.600 1.50 : 198.4 
0.700 258 z 229.0 
C. Wtistite + 1.30 wt.% Cr 
0.347 0.528 2 118.6 
0.499 0.997 Too Cr = 161.7 
0.565 1.30 1.34 x 10°-* ia ey 
0.700 2,33 212.6 
0.750 3.00 : 221.5 





TABLE XIII 


Values of electrical conductivity of pure and doped wiistite at a 
constant composition of oxygen/metal = 1.060 at various temperatures. 


Conductivity (ohm ~em™*) 
Temperature Nao FeO + 0.67 FeO + 1.35 

(°C) 2 Pure FeO wt. Cr wt. Cr 
1100 0.323 ea. ie oe Is 
1050 0.335 12557 130.0 116.2 
1000 CP a 233 ile we, Like 
250 0.361 LPO ms aA, iO ae 
900 Ono BRIE ors 11963 10545 
S00 0.389 110.8 ie ke yy A 101.8 
800 Oyn0> LU) eee 97.9 
750 0.423 103.2 94.9 
700 QO.443 99.6 

650 0.407 94.8 





TABLE XIV 


Values of electrical conductivity of pure and doped wustite as a 
function of temperature at a constant oxygen partial pressure of 
6.83 x 10714 atm. 


Conductivity (hn ene 
Temperature Nao Pure WUuSstiLte + 650 
(eC) 2 Wiistite wt. Cr 
1100 0.300 T2750 123.8 
1075 0.396 15054 145.4 
1050 0.510 17320 169.3 
1025 0.636 204.4 196.7 
1000 0.750 2e767 Zee 
TABLE XV 


Values of electrical conductivity of pure and doped wustite as a 


function of temperature in a fixed CO0,-CO ratio where Noo, = 0.467. 
Conductivity Connie one) 
Temperature FeO + 0.67 FeO + 1.30 
coe) Pure FeO Woer Cr weet OF 
1100 1/055 Cee 163.4 
1050 16336 16 Ts% lbs Pr 
1000 156,23 160.9 147.8 
950 152.8 Aad Lee 
900 Tiree IPAS wy ioe 


850 142.0 


650 94.8 


“et 





TABLE XVI 


Values of the enthalpy of movement of electron holes (AH, gy) and the 
enthalpy of formation of ionic and electronic defects (AH) in pure 
and doped wustite as determined from electrical conductivity 


measurements. 


ay: AH, M 

AH” —— + AH AH 

m 3 mg i 
(Keal/mole) (Keal/mole) (Keal/mole) 
Pure wusti te 1.842 + 0.009 =90.8 + 0.9% le ear 
=20.7, 2.0.2" -606.7 + 0.6 
FeO + 0.67 wt.% Cr 16930 2 0,003 =20,0 2 Ug 6 /7Orto. 
FeO + 1.30 wt.% Cr Deol 0.003 =20gL = eer =O 25 5. Uo 
-20.5 ae O.4** -68.1 an 5 es 


* at constant Py = O.07 x Ler sane 
2 


** at constant N = Oeor 
C0, 





ve 


TABLE AVIT 


Values of the parabolic rate constant (K.) and the chemical diffusion 
coefficient (D) for the reduction and oxidation of pure and doped 
wustite for various experimental conditions. 


Experiment Temperature D 
(No.) Gey Gee) cnmeee eucece) 
A. Reduction of pure FeO, O/Fe = 1.125 to 1.050 
We 1100 Bal eats LO 52k 107° 
Th 1050 PNG iS ap ale. ees 107° 
76 1000 Lay ae 0 1.02 x 10° 
78 950 8.21 x 10 os 0r 
80 900 3.85 x 10 2.49 x 107! 
B. Reduction of pure FeO, O/Fe = 1.125 to 1.075 
92 1100 oe ao 1.74 x 10° 
90 1050 6.97 x 10°? a>. x rem 
88 1000 acer lois Daly x 107! 
86 950 2.77 x 10°? 3.87 x oui 
82 900 1.55 x 107” 6 to 


C. Reduction of pure FeO, O/Fe = 1.125 to 1.100 


94 1100 o.81 e160 Das io 
96 1050 Gale te" 3.76 x em 
98 ° 1000 2) x ems On lca 
100 950 2.50 x 10° 1.80 x tom 
ub eul 900 1.37 x on lee x TC 
D. Oxidation of pure FeO, 0/Fe = 1.050 to 1.125 
73 1100 6.30 x oO 26) x 107° 
p> 1050 3.87 x io oe = 107° 
bis 1000 1556 x 1078 7.40 x 107! 
79 950 SO Cee 3.88 x 107° 
81 900 ey ee ed oe toe 





Experiment 


(No.) 


TABLE XVII - Continued (2) 


Temperature 


oO) 


K 
Pp 


(gm*/em* 


E. Reduction of FeO + 0.67 wt.% Gr, O/metal 


106 
Oe 
102 
108 
110 


107 
105 
Ines; 
169 
ae 


1100 
1050 
1000 
950 
900 


1100 
1050 
1000 
950 
900 


Dee x 
io 
AES ie. 
Ds ous 
be ae 


Oxidation of FeO + 0.67 wt,% Cr. O/metal 


ABD X 
Zo & 
a be ee 
Deck & 
ce ime & 


-sec) 


— ie aloo oped 
107° 


D 
Coen 
050 
-—6 
256 x 10 
io 107° 
7.23 x 107! 
3.66 x 107! 
1.72 x 107° 
125 
=6 
e450 10 
Aas 2 107° 
6.09 x 107! 
lig lon x 107° 
5.08 x 107° 





Experimental Results Obtained from the Arrhenius Curves for the 
Reduction and Oxidation of Pure and Doped Wustite. 


TABLE XVITI 


Activation Energy 


hxperiment 


Reduction of pure FeO 


Ovyfe = 1,125 to 14050 
O/Fe = 12125 Yo 1.075 
O/fe = 1e125 te 1,100 


Oxidation of pure FeO 
O/Fe = 1.050 to 1.125 


Reduction of FeO + 0.67 wt.% Cr 
O/metal = 1.125 to: 1.050 


Oxidation or FeO ="02607 wu.s Cr 
O/metal = 1.050 to 1.125 


from 
log K vs 1/T 
(Keal/mole) 
oe oa 
Oe aera, 
Slee se ee, 
Fle 21.340 
36,2 2 0.6 
Ji cOnt bes 


Activation Energy 


from 
log D vs 1/T 
(Keal/mole) 
fal ace ee as ea 
Cee Om ame A 
OP es ce © 
V alpree Wao 
ree sme: ae es 





TABLE XIX 


Ratios of the chemical diffusion coefficients obtained from the reduc- 
tion of pure wustite to the self-diffusion coefficients? of iron in 
pure wustite for various experimental conditions. 


Temperature oxygen/iron ratios 
(°C) 1.050 1.075 1.100 
1000 29.0 (20.4) 11,2 123.3) P22 Oa) 
900 125 4 205)) 8.3 (13.3) oii. o) 


( ) indicate the theoretical value. 
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Figure 2. Uiagram to show phase equilibrium relationship in the 
system iron-oxvgen. The heavy solid lines are boundary 
curves separating phase areas labeled in the diagram, 
and the light dash-dot are O2 isobars (in atm.). 
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Figure 3. Diagram to show stability relationships among the phases 
hematite (Fes03), magnetite (Fes04), wustite (FeO), 
metallic iron (Fe), liquid oxide and liquid iron as a 
function of temperature (in °C) and Oo pressure (in atm. ). 
The heavy solid lines are boundary curves separating the 
various phase areas labeled in the diagram. The light 
dash-double dot lines are lines of equal Peo [Peg ratios 
of thegas phase at 1 atm. total pressure. e 





AG° = RT Ln Pog (Keal.) 


Fieure 2. 





200 400 600 800 {O00 
Temperature (°C) 


Oxygen potential diagram for various metal/oxide and 
oxide/oxide systems. The dash lines represent the 
standard free energies for the various CO0s/CO ratios 


and for Po, = QO.0l atm. 
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Figure 6. Oxidation of iron-chromium steels in oxygen (38). 
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(d) 


Figure 7. Schematic models of oxide layers formed in air or oxyren 
on (a) pure Fe. (b) pure Cr, (c) Fe-Cr alloy (< 13% Cr), 
and (d) Fe-Cr alloy (> 13% Cr). 








Figure 8. Diagram to illustrate the stability relationships among 
magnetite, wustite and metallic iron as a function of temperature 
and ratios of c0,,/CO of the gas phase in equilibrium with the con- 
densed phases. The dash-dot line represents the composition of 
wustite as a function of temperature which is in equilibrium with 
wustite at a constant partial pressure of oxygen. The dash lines 


are lines of constant wuistite compositions, where at 
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Figure 8. Diagram to illustrate the stability relationships among 
magnetite, wustite and metallic iron as a function of temperature 
and ratios of cO,,/CO of the gas phase in equilibrium with the con- 
densed phases. The dash-dot line represents the composition of 
wustite as a function of temperature which is in equilibrium with 
wustite at a constant partial pressure of oxygen. The dash lines 


are lines of constant wustite compositions, where at 


ae) ene see oe 
BoeO7 tema O60 
Cleo hes =e oy> 
Be 0) Beg wel, eo 


BE. O/Fe = 1.125 





(994 / #094) B07 
3) 9 bv o O Ca b- 





u0d| 
JI} |DL9W 


asipauBoyw 


a 


\ 
— 
Y= 


| Le 
WID O1-E8°9 = 


bi- 


ee | 


% 






008 


O06 


OOO! 


OO! 


(D—.) sanposadweay 





Figure 9. 





30 60 90 120 
Time - 10 *(sec.) 


Oxidation rate curve of a 7.55% Cr-Fe alloy in a 50 vol.% 
COo-CO mixture at 1000°C which exhibits (1) first linear 
region, (2) second linear region, and (3) parabolic 
region. The point, (Am/A)tr. denotes the transition 
thickness where the kinetics convert from linear to 
parabolic. 
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Figure 11. Theoretical concentration gradients existing across a 
wustite slab during different stages of the reduction 
or oxidation process. 

















Figure 12. Schematic diagram of the oxidation apparatus. The 
nomenclature of parts numbered on the diagram are as follows: 
(1) Bell jar 
(2) Weighing chamber flange 
(3) Vacuum tight double O-ring seal 
(4) Quartz fiber hooks 


(5) Indicates lowest position of inner brass sleeve with 
double O-ring seal. 


(6) Ainsworth Vacuum Automatic Recording Balance 

(7) Balance load pan 

(8) Vacuum Tight Balance base plate 

(9) Vacuum tight O-ring seals 

(10) 70-30 Brass sleeve 

(11) 304 Stainless steel tube with 34/45 standard taper 


(12) 34/45 Standard taper joint (Pyrex to 304 stainless 
steel) 


(13) Gas outlet 

(14) Quartz fiber 

(15) Gas inlet 

(16) McDanel to pyrex seal 

(17) Specimen in upper, cold zone position 

(18) Location where specimen is in lower hot zone position 
(19) Marshall High Temperature Furnace 

(20) McDanel tube 

(21) McDanel to pyrex seal 


(22) 34/45 Standard taper pyrex joint 
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Figure 13. 
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Photographs to show the specimens used for electrical 
conductivity studies. 

O.013 anch Fucwire. 

men with Ft wires. 


a) Metal iron sample wrapped with 
b) Cross-section of wustite speci- 
c) Wustite specimen. 





Figure 16. 





Schematic diagram of the electrical circuit used for 
conductivity measurements: a) wustite sample, b) 0.01 
ohm standard resistor, c) 1000 ohm variable resistor, 
d) 3 volt batteries, 3) standard cell, f) Leeds & 
Northrup Model K2 Potentiometer, g) L & N Model 9834 
Null Detector, h) reversing switches, i) D.P.D.T. 
switch. 
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Figure 17. Representative curves for the linear oxidation of Fe-Cr 
alloys oxidized in a 60 vol.&% COo-CO mixture. 





Figure 18. 
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Typical rate curves for the oxidation of 7.55 wt.% Cr-Fe 
alloy in a 60 vol.% COs-CO gas mixture. 
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Figure 19. 


Cross-sections of oxide specimens formed at 1000°C in a 
60 vol.% COs-CO gas mixture from: a) pure Fe, b) 0.20 
Wt. (Cr=res ec ) 0.88 Witte Crarernd) 1.70 wts% Gr-Fe, ©) 
5.70. wt.» Cr-Fe, £) 7.55 wt.% Cr-Fe, @¢) 16.2] wt.s cri: 
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Figure 20. Dependence of the linear rate constants of oxidation of 
0.20 wt.% Cr-Fe alloy on the mole fraction of COs in the 
gas mixture at 800°, 850°, 880° and 940°C. 
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Figure 21. Dependence of the linear rate constants of oxidation of 
0.20 wt.% Cr-Fe alloy on the mole fraction of COs in the 
gas mixture at 1000°, 1050° and 1100°C. 
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Figure 30. Cross-sections of specimens which show the oxide scale 


structure formed on the metal substrate at 1000°C in a 
60v0l % CO5~CO mixture. a) 0.20 wt % Cr-Fe, b) 5.70 wt 
4 Cr-Fe with Pt marker, c) 7.55 wt % Cr-Fe, d) 18.21 
wt @ Cr-Fe alloy. 
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Figure 32. Typical rate curves for the oxidation of Type 420 
(18.21% Cr-Fe) alloy at 1100°C in a 60 vol.% COs-CO 
mixture. (o) Linear (C) Parabolic. 
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Figure 34. 





75 80 85 90 95 
Temperature, lO/T (°K) 


Temperature dependence of the transition thickness of 
pure iron (A) and 0.20% Cr-Fe alloy in various CO2-CO 
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Figure 35. Temperature dependence of the transition thickness of Fe 
and Fe-Cr alloys in a 60 vol.% COs-CO mixture. 
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Figure 36. Temperature dependence of the transition thickness of 
pure iron (A), 5.70% Cr-Fe (e), 7.55% Cr-Fe (0), and 
18.21% Cr-Fe (WU) in a 60 vol.% COs-CO mixture. 
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Figure 37. Rates of oxidation of various Fe-Cr allovs in carbon di- 
oxide-carbon monoxide mixtures and in oxygen. (@) N 
= 0.600 at 1000°C; (0) Noo 
oxygen at 1000°C. 
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Figure 45. Typical rate curves for the reduction of pure wustite 


Prono Pe = 1.125 to 1.050. 
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Figure 46. Parabolic rate curves for the reduction of pure wustite 
from 0/Fe = 1.125 to 1.050. 
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Figure 47. Parabolic rate curves for the reduction of pure wustite 
from O/re = 1,925 to 1.075. 
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Figure 48. Parabolic rate curves for the reduction of pure wistite 
from 0/Fe = 1.125 to 1.100. 
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Temperature dependence of the parabolic rate constants 
of reduction of pure wustite. 
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Theoretical curve of Fquation (46) for the propagation 
of a concentration gradient through a wustite slab when 
a diffusion process is rate-controlling. 
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Figure 51. Experimental curve of Fquation (46) for the reduction of 
a pure wistite slab from 0/Fe = 1.125 to 1.050 when a 
diffusion process is rate-controlling. 
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Figure 52. 
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Experiment curve of Fquation (46) for the reduction of a 
pure wustite slab from O/Fe = 1.125 to 1.075 when a 
diffusion process is rate-controlling. 
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Figure 53. Experimental curve of Equation (46) for the reduction of 


a pure wustite slab from O/Fe = 1.125 to 1.100 when a 
diffusion process is rate-ccntrolline. 
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Figure 54. Experimental curve of Equation (46) for the oxidation cf 
a pure wustite slab from O/Fe = 1.050 to 1.125 when a 
diffusion process is rate-controlling. 
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Temperature dependence of the chemical diffusion coeffi- 


cients calculated from Fquation (46) for the reduction 
of a pure wustite slab. 
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